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Abstract
Ihrfors, C. 2021. Electrochemical characterisations of TiO2 nanotube and lithium-metal
electrodes for lithium-based batteries. Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology 2041. 80 pp. Uppsala: Acta
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Lithium-ion batteries have since their introduction on the commercial market in the early 1990s
played an important role within the field of energy storage. In this thesis both titanium dioxide,
TiO2, and lithium metal are investigated based on their properties as anodes for lithium-based
battery technologies. TiO2 nanotubes with lengths between 4.5 and 40 µm were synthesized
through a two-step anodization of titanium metal foil in a fluoride containing electrolyte. The
formed nanotubes were investigated using scanning electron microscopy and electrochemically
evaluated in pouch-cell batteries.

For the long nanotubes, especially the 40 µm long ones, the results indicate that the lithiation
and delithiation processes are limited by the solid state diffusion of lithium ions within the
electrode material for the employed cycling conditions. Studies of the TiO2 nanotubes at elevated
temperatures, 80 °C, showed a good temperature stability both in a conventional organic
electrolyte and in an ionic liquid based electrolyte. In full cells the ionic liquid electrolyte was
needed to get a good performance mainly due to the LiFePO4 cathode. Despite a good general
performance, the TiO2 nanotubes show capacity losses during high rate cycling. This effect was
studied using galvanostatic cycling including open circuit periods and analyses of the cycled
electrodes with inductive coupled plasma atomic emission spectroscopy. The results indicate the
presence of a lithium trapping effect in the TiO2 electrodes caused by the lithium diffusion within
the electrode material. The trapping effect was also seen in a comparative study involving TiO2

nanoparticles and nanotubes. The comparison also showed that the electrochemical performance
depended on the electrode design.

Enabling of 2D lithium growth and avoiding lithium dendrite formation are of great
importance for both battery research and practical applications. In this thesis an approach based
on formation of a large amount of equally sized lithium nuclei on the surface in combination
with a diffusion controlled deposition is described. To achieve this an electrolyte with a low
lithium ion concentration, where the migrations is taken care of by a supporting salt, was
used in combination with an initial potentiostatic pulse. This approach was found to yield a
homogeneous coverage of lithium nuclei and dendrite-free deposition.
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Introduction 

The global warming and environmental impact is pushing the society to shift 
from energy sources centred around the burning of fossil fuels to renewable 
energy sources [1]. This puts new demands on large scale energy storage due 
to the variations in production over time for many of the relevant renewable 
energy sources [1–3]. At the same time the modern human wants to be mobile 
and always connected, which in combination with the usage of renewable en-
ergy sources puts high requirements on batteries that should be able to power 
a range of various applications. Every application, ranging from pace makers 
and mobile phones to electric vehicles as well as grid storage, has its own list 
of requirements that need to be fulfilled by a potential battery [3,4]. In some 
cases, the footprint area might be the most important factor whereas in other 
applications the safety or the weight are the most crucial factors. It is the re-
quirements of the applications that constantly push the battery manufacturer 
and researchers to develop better batteries that can meet the demands of the 
modern technology [4–9]. To do this, a lot of different battery types will be 
needed because no battery can meet all the different requirements on its own. 
Currently the battery chemistries providing the highest energy densities are 
those used in lithium-ion batteries. This makes them good alternatives for us-
age in both portable electronics and electric vehicles [8–10].  

Lithium-ion batteries 
A battery is a galvanic cell in which chemical energy is converted into elec-
trical energy as two different redox reactions take place at two separate elec-
trodes [5,7]. Batteries can be divided into two different categories, non-re-
chargeable primary batteries and rechargeable secondary batteries [6]. The 
most commonly used battery systems for portable applications are lithium-ion 
batteries [8,10]. Lithium-ion batteries consist essentially of four parts; two 
electrodes, i.e., the anode and cathode, an electrolyte and a separator [6,7]. See  
Figure 1 for a schematic illustration of a lithium-ion battery. The redox reac-
tions take place at the anode and cathode as the battery is charged and dis-
charged [6]. During discharge electrons move from the anode to the cathode 
through the outer circuit through an external load. At the same time lithium 
ions from the anode are transported through the electrolyte towards the cath-
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ode, where they are usually inserted. This process is thus converting the chem-
ical energy stored in the battery into electrical energy. In a secondary or re-
chargeable battery the process is reversed upon charging [7]. The purpose of 
the electrolyte and the separator, a physical barrier, is to enable the movement 
of lithium ions between the electrodes and at the same time prevent electrical 
contact between the electrodes, which otherwise would short-circuit the bat-
tery [6,8]. The most commonly used electrolytes in commercial batteries are 
composed of a lithium salt, e.g., LiPF6, dissolved in organic solvents such as 
diethyl carbonate (DEC) and ethylene carbonate (EC). Several different addi-
tives are usually also used to enhance the performance of the battery [6,8]. 
LiCoO2 was the first commercialised cathode material and is still of large im-
portance especially for portable electronics whereas graphite is the most com-
monly used anode material [6,8,11,12]. Cobalt is considered a critical metal 
and this has driven the search for alternative cathode materials and some of 
the alternatives used are LiMn2O4, LiNixMnyCozO2 and LiFePO4[6,12,13].  

 
Figure 1 – Schematic illustration of a lithium-ion battery. The red spheres depict the 
lithium ions moving between the anode and the cathode through the separator which 
is soaked in electrolyte. The two electrodes are connected to the external circuit 
through the current collectors at the backsides of the electrodes. 

Anode materials 
The anode is the negative electrode in the battery, i.e., the electrode with the 
lower potential. Some important properties of the anode material in a lithium-
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ion battery are a low potential versus Li+/Li, long cycle life, high capacity, low 
cost and high safety [7–9]. The anode material which would generate the high-
est cell potential in a lithium based battery is lithium metal [7]. The use of 
lithium metal in rechargeable batteries has, however, proved problematic due 
to safety issues, mainly because of dendrite formation upon lithium deposition 
resulting in internal short-circuiting and possible thermal runaway [6,7]. The 
potential of lithium lies outside of the stability window of the organic electro-
lytes commonly used and the usage of lithium metal as an anode material is 
therefore only possible if a passivating layer, also known as the solid electro-
lyte interface (SEI) layer, is formed [7]. There are mainly two ways to solve 
this problem, either via the usage of an electrode material with a potential 
which lies within the stability window of the electrolyte, or by enabling the 
usage of lithium metal e.g., by forming a stable passivating SEI layer on the 
electrode [7]. For the most commonly used anode material in commercial lith-
ium-ion batteries, i.e, graphite which has a capacity of 372 mAh/g, solvents 
such as EC are usually used to form a more stable SEI layer [6,7]. This pas-
sivating SEI layer can still break and dendrites can then form and lead to in-
ternal short-circuiting of the battery [7]. In the case of anode materials with 
potentials that lay within the stability window of the electrolyte some exam-
ples are TiO2 or Li4Ti5O12 [7,9]. 

Anode materials are usually divided into three different groups based on 
their reaction mechanism as intercalation (or more generally lithium insertion 
and extraction), conversion and alloying materials [8,11].  

Insertion materials 
Some examples of insertion materials are graphite and metal oxides such as 
TiO2 and Li4Ti5O12 [8,11]. In e.g., TiO2, the titanium is reduced from Ti4+ to 
Ti3+ and lithium ions are inserted into the structure to maintain the charge neu-
trality [14]. In insertion materials, lithium ions are diffusing through and are 
stored in unoccupied sites within the electrode material. This is done without 
any major change in the crystal structure of the material although the process 
may lead to some volume expansion. This structure stability, results in a rather 
good cyclability compared to what is achieved for the other material catego-
ries but a comparably low theoretical capacity since the amount of inserted 
lithium is limited by the amount of unoccupied sites [15]. 

Conversion materials 
Conversion materials undergo a conversion from one structure to another upon 
cycling. Conversion materials generally have the form M-X (where M = a 
metal, X = O, N, P, S…) [8,11]. Some examples of conversion materials are 
CoO and Fe2O3 [8,11]. As the electrode material, e.g., CoO, is reduced and 
cobalt nanoparticles are formed, the lithium ions are used to balance the anion 
charge yielding Li2O [8,11]. The conversion reactions have high theoretical 
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capacities but generally also show high degrees of  potential hysteresis when 
cycled due to the significant structural changes [11]. 

Alloying materials 
Some elements like silicon, aluminium and tin can electrochemically alloy 
with lithium to form lithium rich alloys [8,11,15,16]. Here the lithium ions are 
reduced to form metallic lithium which then forms an alloy with the element, 
e.g., silicon [8,11,16]. Alloy forming materials are consequently attractive as 
electrode materials due to their high theoretical capacities since several lith-
ium atoms per metal atom can be present in the resulting alloy [8,11,16]. The 
drawback is the relatively large volume expansion caused by the high degree 
of lithiation which can lead to crack formation in the electrode material and 
loss of electrical contact with the current collector [8,11,15,16]. 

Lithium metal as an anode material 
What is not included in the three categories of anode materials described 
above are lithium metal batteries where a piece of lithium metal is used as 
anode material. In this case the lithium is simply stripped from and plated on 
to the metal anode. The lithium metal anode is the anode that gives the largest 
potential difference versus a cathode material and thereby the largest cell po-
tential for a battery [17–19]. Lithium metal also has a high theoretical capac-
ity, 3860  mAh/g, because of the low weight and the fact that the whole elec-
trode is the active material [17–19]. This, however, assumes, that the whole 
amount of lithium metal is oxidized and reduced, which is not possible in 
practice and as a result only parts of the capacity can be utilized. The usage of 
lithium metal anodes is also of great interest in the development of new battery 
technologies such as lithium-air batteries and lithium-sulphur batteries, which 
employ lithium-metal anodes [20,21]. The largest drawback with using metal-
lic lithium is the dendrite formation during the plating of lithium, especially 
during high rate cycling, see Figure 2 for an illustration of dendrites [17–
19,22–26]. During plating, nuclei will be formed and it will be easier to con-
tinue to plate lithium on these nuclei or particles rather than forming a flat 
continuous lithium-metal layer [17]. The continuous preferential growth will 
upon cycling result in a three-dimensional growth of lithium which could lead 
to the separator becoming penetrated, yielding an internal short circuit as the 
lithium gets in contact with the cathode [17–19]. This could lead to internal 
heating which can cause gas evolution in the cell, and in worst case an explo-
sion [17–19]. Dendrite formation and uneven growth can also lead to electri-
cally disconnected parts of lithium which cannot take part in further reactions, 
also called dead lithium [17–19]. The low operation potential of lithium elec-
trodes can also be a drawback because of the decomposition of the electrolyte 
which gives rise to the formation of a SEI layer [24]. In case the SEI layer is 
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thick and stable enough it protects the electrolyte from further degradation but 
if it is not, it will lead to continuous degradation and consumption of the elec-
trolyte [24]. 

 
Figure 2 – Schematic illustration of lithium dendrites. 

The possibility to utilize lithium metal as an anode material has been a subject 
of extensive research and several different approaches have been suggested to 
solve the problems with dendrite formation [17–19,22–26]. Some strategies 
are based on modifying the electrolyte to form a more stable SEI layer that 
should prevent dendrite formation, thus avoiding the battery from short circuit. 
This layer is suggested to be formed either prior to the cell assembly or as an 
SEI during the cycling [17,18,22–26]. A drawback with this kind of methods 
is, however, that the protective layer can break due to the volume expansions 
taking place during cycling [27] [17]. Modifications of separators have also 
been suggested in order to make them more mechanically stable to be able to 
better stop the dendrites from penetrating [17,25,26]. The attainment of more 
rigid structures blocking the dendrites also motivates the usage of solid state 
electrolytes [18,25]. This approach also makes it possible to, remove the flam-
mable organic solvents used in liquid electrolytes which also would increase 
the safety [18]. This could delay a catastrophic failure of a battery cell but 
does not solve the main issue with the actual formation of dendrites upon cy-
cling. The approach presented in Paper V is, on the other hand, based on meth-
ods traditionally used in electrodeposition of metals. The idea here is to create 
a good coverage of the surface with equally sized lithium nuclei to get depo-
sition over the entire surface and avoid preferential growth on a small number 
of nuclei. During the following growth, the idea is to avoid lithium transport 
through migration and instead get a diffusion-controlled deposition. This is 
done because migration should give preferential growth on, already existing, 
pointy features such as dendrites, because of the nature of the electric field 
around these [18]. This is done using an electrolyte with a low lithium con-
centration, where a supporting salt is added to take care of the migration. Be-
fore the first deposition a negative constant potential, a nucleation pulse, is 
used to create a large number of nuclei. The nucleation pulse is then followed 
by a short open circuit pause for the diffusion layer to relax in order to avoid 
further nucleation, since this may give rise to differently sized nuclei as they 
are formed at different times.  
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Lithium half cells for material testing 
In lithium-ion battery research, lithium metal is often used as the counter elec-
trode when other electrode materials are tested. These cells are then called half 
cells. A full-cell lithium-ion battery should, on the other hand, contain two 
electrodes which can host lithium in different ways, and not a metallic lithium 
electrode. In research, the metallic lithium electrode is used because of its sta-
ble redox potential and, very high capacity. This ensures that the lithium elec-
trode does not limit the process but only provides the current needed to main-
tain the reaction at the working electrode, which is the purpose of a counter 
electrode. In a full-cell setup, it can sometimes be hard to distinguish the be-
haviour of the two electrodes, since this requires balancing of the cell to make 
sure that the working electrode also is the limiting electrode. The stable lith-
ium-metal redox potential also enables the use of a two-electrode setup where 
the lithium electrode works both as the counter and pseudo reference elec-
trode. What should be kept in mind though is, that despite this the lithium 
electrode might still be the electrode that causes the failure of the battery dur-
ing the cycling especially after a large number of cycles. The dendrite for-
mation could lead to internal short circuiting of the cell and the problems as-
sociated with lithium plating eventually leads to a consumption of the capacity 
of the lithium electrode. 

Titanium dioxide as an anode material 
Titanium dioxide, TiO2, is a frequently studied material and has, in addition 
to its use in other applications, showed good performance as an anode material 
for lithium-ion batteries [8,9,28–31]. As desired properties, low toxicity, high 
safety, high abundance and low cost can be mentioned [8,9,32]. The draw-
backs include the relatively low potential and theoretical capacity, as well as 
the low electronic conductivity [8]. TiO2 exists in several different crystal 
structures and some of the forms commonly studied in battery applications are 
anatase, rutile and TiO2(B), which all have been shown to be able to host lith-
ium ions [28,29,32]. Among these, anatase and TiO2(B) have shown the best 
performances in lithium-ion batteries [28,29,31]. TiO2 is an intercalation ma-
terial and during the cycling of the battery, lithium ions are inserted and dein-
serted into the TiO2 structure according to Equation 1 [30]. The theoretical 
capacity is 335 mAh/g which corresponds to an insertion of 1 mol of Li+ per 
mol of TiO2, i.e., x = 1 [28]. However, it has been hard to experimentally 
utilise the full theoretical capacity and in practice a degree of lithiation corre-
sponding to around x = 0.5, i.e., 168 mAh/g, is usually achieved  [8,9,29]. The 
TiO2 reduction, resulting in the lithium ion intercalation, takes place at poten-
tials around 1.8 V versus Li+/Li [29,31]. 
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↔   Equation 1 

 
The high reduction potential for TiO2 decreases the cell voltage of a full-cell 
battery but is, on the other hand, one of the reasons for the high inherent safety 
of TiO2 electrodes [28,29,32]. The high potential minimises the risk of the 
formation of a SEI layer and lithium dendrites [8,29,31]. This together with 
the low cost and the high rate performance make TiO2 a good choice especially 
in applications where fast cycling and high safety are crucial [8,33]. 
Nanostructuring of TiO2 electrode materials has attracted a large interest due 
to the possibility to improve the capacity, reversibility and also the perfor-
mance at high cycling rates [8,9,31]. TiO2 usually presents an irreversible ca-
pacity on the first cycle after which the coulombic efficiency is stabilized upon 
further cycling.  The first cycle effect has been suggested to originate from 
trace amounts of water present in the material giving rise to an irreversible 
capacity due to the reduction of water, and hence also the formation of Li2O 
[32,34]. Relatively large amounts of water can be adsorbed on nanostructured 
materials, such as those used in this thesis, due to their high surface areas 
[32,34].  

Nanostructured TiO2 electrodes 
Conventional composite electrodes are made of a mixture of a powder of the 
active material, a polymer binder, and a conductive carbon additive. The pow-
ders are then mixed with a solvent and cast on a metal foil which serves as the 
current collector. To increase the capacity of the electrode the thickness of the 
film has to be increased, which at the same time leads to longer diffusion paths 
within the electrode and a decreased performance at high cycling rates [35]. If 
thinner films are used the high rate performance and power density are im-
proved while the amount of energy that can be stored is decreased [35]. One 
way of increasing the energy density and at the same time keep the short dif-
fusion paths, and thereby the high power density, is to use nanostructured elec-
trodes [35,36]. This can be done in several different ways using e.g., nanopil-
lars, nanotubes or foams [31,35,36]. The usage of nanostructured electrodes 
is also important in the development of microbatteries where the footprint area 
of the battery is important as these batteries should be able to power electronic 
devices on microchips [35,36]. In this case the ability to increase the energy 
density per footprint area through nanostructuring becomes especially im-
portant [35,36].  

Several different approaches have been used to create nanostructured elec-
trodes to increase the capacity per foot print area, using e.g., porous electrodes 
or nanostructured current collectors [9,32,37,38]. It has been shown that dep-
osition of TiO2 on nanostructured aluminium current collectors can increase 
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the capacity per foot-print area about ten times compared to those for tradi-
tional composite electrodes [37]. Different types of porous TiO2 materials 
have also shown good results as anode materials in lithium-ion batteries 
[38,39]. One example is ordered mesoporous TiO2 which has shown capacities 
up to 322 mAh/g at a rate of 0.09C and 125 mAh/g at rate of 35.7C [39].  

With TiO2 it is possible to nanostructure the electrodes e.g., via the for-
mation of nanotubes employing anodisation of titanium metal foils [30,33]. 
Such TiO2 nanotubes formed through anodisation of titanium foils or hydro-
thermal growth have shown good properties as anode material especially at 
high cycling rates [30,33,40]. The nanotubes can also be grafted with other 
materials to create composite materials with new properties, e.g., TiO2 nano-
tubes grafted with Fe2O3 nanorods or MnO2 nanosheets [41,42]. The nano-
tubes formed through anodisation are free-standing on the metal foils substrate 
and can therefore be used as electrodes without addition of polymer binders 
or conductive additives commonly used in conventional composite electrodes 
[33]. This enables studies of the electrochemical performance of the active 
material without any influence of other electrode additives and may hence also 
be used to decrease the dead weight of the battery.  

TiO2 nanotubes 
As already mentioned, TiO2 nanotubes can be synthesised in different ways 
e.g., with hydrothermal synthesis or via the anodisation of titanium metal 
[33,43–45]. Hydrothermally synthesised TiO2 nanotubes have been used in 
conventional composite electrodes in combination with conductive carbon 
and binders [44,45]. The morphology of the nanotubes provides a high contact 
area with the electrolyte and the thin walls result in short diffusion paths. 
These are properties which contribute to a good cycling performance with 
high capacities and good capacity retention at high cycling rates. Gentili et al. 
reported a capacity around 225 mAh/g of the active material at a rate of 1C 
and 100 mAh/g at a rate of 10C for hydrothermally synthesised anatase nano-
tubes [44]. 

The synthesis of nanotubes based on the anodisation of titanium metal, on 
the other hand, provides freestanding nanotubes attached on the metal sub-
strate which removes the need for additions of binders and conductive addi-
tives [46]. In this way the entire electrode material consists of the active ma-
terial and less dead weight is added to the battery. It is then also possible to 
study the performance of the electrode material without any influence from 
the other components which would have been present in a common composite 
electrode. This 3D nanostructured electrode can also act as a starting point 
when designing a full 3D microbattery if an electrolyte and a cathode material 
also can be incorporated. Free-standing anodised TiO2 nanotubes have previ-
ously shown good performances as anode materials for lithium-ion batteries 
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[33,43,47,48]. Wei et al. reported capacities of 184 mAh/g at a rate of C/10 
and 96 mAh/g at a rate of 5C [33].  

 
Figure 3 – Schematic illustration of the TiO2 nanotube formation process. The oxide 
layer is continuously formed and at the same time the fluoride reacts both with the 
oxide and the Ti4+ ions at the interface between the oxide and the metal to form solu-
ble complexes.  

The anodisation process used to manufacture the TiO2 nanotubes is based on 
a simultaneous growth and etching of a titanium dioxide layer on the metal 
substrate. In the anodisation process, the sample acts as an anode in an elec-
trochemical cell and a voltage is applied between the sample and a counter 
electrode. This is used to oxidise the sample and create an oxide film on the 
sample surface, in this case a TiO2 film on a titanium metal foil. In the manu-
facturing of TiO2 nanotubes, a fluoride containing electrolyte is used which 
etches the formed oxide layer [46]. The fluoride ions react with titanium to 
form [TiF6]2- ions which are soluble in water and therefore dissolve in the wa-
ter containing electrolyte [46]. The fluoride ions have been suggested to react 
both with the already formed oxide, according to Equation 2, and the Ti4+ ions 
formed at the interface between the metal and the oxide layer, according to 
Equation 3 [46]. See Figure 3 for a schematic illustration of the TiO2 nanotube 
formation process. The simultaneous formation and etching of the oxide result 
in the formation of a porous material which under certain conditions under-
goes self-organisation into nanotubes [46]. 

 

6 4 → 2   Equation 2 

 

6 →    Equation 3 
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There has to be a balance between the rates of the formation of the oxide and 
the dissolution of the oxide for the nanotube self-organization to occur. A too 
low dissolution rate would lead to the formation of a dense oxide layer 
whereas a too high dissolution rate would result in a complete etching of the 
formed oxide [46]. To facilitate the nanotube formation and to increase the 
ordering, pretexturing of the sample can be done e.g., by using a multiple step 
anodisation approach [46]. During the oxide growth O2- and F- will migrate 
through the oxide layer to reach the interface between the oxide and the metal, 
where the growth takes place [46]. The fluoride ions will then accumulate at 
the interface and move upwards as the tube grows and a layer containing tita-
nium fluorides is hence formed on the outside of the tube [46]. This layer is 
then dissolved creating a spacing between the tubes which will be more pro-
nounced in the upper parts of the tube structure compared to the lower parts 
because of the relatively longer etching time [46]. 

Why study the performance of TiO2 electrodes? 
To understand battery research it is important to have some basic knowledge 
about the applications where the batteries could potentially be used. The en-
vironments in which the batteries are used and the ways we want batteries to 
operate will to various extents act as an inspiration when it comes to the design 
of research projects. This knowledge is therefore important to be able to un-
derstand the obtained results and their impact. Most of the studies conducted 
within the scope of this thesis were not targeted to certain applications but 
rather to understand the general behaviour and properties of the materials. 
Nevertheless, the potential applications will always be present and influence 
both the experiment design and data interpretation.  

An exception from this general fundamental approach is the high tempera-
ture studies in paper II where the purpose was to study how battery chemistries 
perform at temperatures around 80 C, because of its importance for electric 
hybrid trucks. If it were possible to make a battery that operates at such ele-
vated temperatures this would reduce the need for cooling of the battery sys-
tem and thereby save energy and costs. At the same time, battery cycling at 
elevated temperature can provide interesting information about the intrinsic 
properties of the materials since the temperature accelerates certain processes 
such as the diffusion of species in the electrode materials. 

When talking about electric vehicles fast charging has become an important 
feature which has received large attention lately. To facilitate fast charging of 
batteries for e.g., electric vehicles it is of large importance to understand the 
intrinsic properties of the materials in the battery and how they are influenced 
by the cycling rate. A good understanding of which factors that limit the ca-
pacity of a battery system when the cycling rate is increased is therefore im-
portant to be able to use fast charging efficiently. These factors are brought up 
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in the discussion of the results from the high-rate cycling discussed in Papers 
I, III and IV. 

Another, literally speaking, smaller area of battery applications is the mi-
croelectronics field where really small batteries are needed for surface mount-
ing to power micro electronic devices. In this field, the surface area, or foot-
print area, is the most important property and there is a need to store as much 
energy as possible on the smallest possible footprint area. This has driven the 
development of 3D microbatteries where 3D structured materials are used to 
be able to include more material on a certain surface area. At the same time 
the 3D structure makes it possible to maintain short diffusion paths and 
thereby the possibility to use high cycling rates. 3D microbatteries have been 
one of the inspirations for doing research on TiO2 nanotubes as an electrode 
material, although in this thesis the focus has been shifted towards using these 
electrodes as a model system to understand more about how the insertion and 
extraction of lithium in insertion materials work.  
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Aims 

In this thesis the properties of titanium dioxide nanotubes have been investi-
gated in battery applications. The aim has been to further understand the lithi-
ation and delithiation processes in titanium dioxide and how they limit the 
capacity of the material. To understand this the properties of freestanding 
nanotubes, with different lengths, as anode material in lithium-ion batteries 
have been investigated. Early in the project capacity losses were seen for the 
nanotubes at high cycling rates and further studies were aimed at understand-
ing the origin of this effect.  The nanotube formation has also been studied to 
tune the process to yield nanotubes with desired lengths. The aim was also to 
further investigate the possibility to use titanium dioxide nanotubes as anode 
material in full-cell batteries by combining them with an LFP cathode. The 
TiO2 nanotube electrodes are a good model system for battery electrodes and 
therefore the aim was also to be able to be able to compare their properties 
with those of traditional slurry based TiO2 electrodes. 

In Paper I, nanotubes with different lengths were used to investigate the 
electrochemical performance and limiting factors of freestanding titanium di-
oxide nanotubes in half cells containing lithium metal electrodes. The ano-
disation process was also tuned to yield nanotubes with the desired length. 

In Paper II, the freestanding TiO2 nanotube electrodes were tested in full 
cells with LFP as the cathode material. The cycling performances of the cells 
were tested both at room temperature and at 80C and the performances in a 
conventional electrolyte and an ionic liquid were also compared. The aim was 
also to see how the enhanced diffusion at elevated temperatures influenced the 
battery cycling and thereby further improve the understanding of limiting pro-
cesses. 

In Paper III, the origin of capacity losses seen for the TiO2 nanotubes in 
Paper I was further investigated. This was done using both galvanostatic cy-
cling with included open circuit pauses and post-cycling lithium determination 
with ICP-AES. The purpose of this was to investigate if a trapping effect, sim-
ilar to that seen for alloying materials, is present also for TiO2. 

In Paper IV, the differences in the electrochemical performances of free-
standing nanotube and nanoparticle electrodes of titanium dioxide were stud-
ied. This made it possible to see differences in electrochemical behaviour both 
with respect to standard cycling conditions and trapping effects.   

Lithium metal electrodes are not widely used commercially today because 
of difficulties with irreversible capacity losses and dendrite formation during 
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cycling. Despite this they are often used in research to study different elec-
trode materials, and they may hence also influence the research results. The 
aim was therefore to also study if electrochemical methods could be used to 
avoid dendrite formation and enable planar growth of lithium, as this would 
facilitate the usage of lithium metal electrodes. 

In Paper V, the possibility of obtaining planar lithium deposition via con-
trolling the generated number of lithium nuclei on a lithium electrode was 
studied mainly using scanning electron microscopy, combined with an inert 
transfer system. 
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Methods 

Material synthesis 
TiO2 nanotube formation 
Titanium dioxide nanotubes were formed through electrochemical anodisation 
of titanium metal foil in a fluoride containing electrolyte [49]. See Figure 4 
for a schematic illustration of the experimental setup with the electrochemical 
cell. Anodisation was hence used to convert the titanium metal into TiO2 in a 
controlled way. In a non-fluoride containing electrolyte a dense layer of TiO2 
would form on the metal foil. When fluoride is added to the electrolyte, it will 
etch the oxide layer at the same time as new oxide is formed [49]. The fluoride 
etching will be preferential so that it continues to etch at points where the 
etching has already started. The nanotube structure is in this way self-assem-
bled. The formation of new TiO2 will take place at the interface between the 
metal foil and the oxide layer and the continuous etching and growth will then 
push material up along the walls of the nanotubes. The synthesis of nanotubes 
was performed using a two-step anodisation approach to achieve a smoother 
and more ordered layer of nanotubes. The first layer of nanotubes was re-
moved through sonication and a second layer was synthesised through an ad-
ditional anodisation step. The second layer then started to grow in the dimples 
from the first layer and a more ordered morphology was hence achieved. 

In this thesis, the electrolyte used contained 90% ethylene glycol (ETG) 
and 10% H2O with 0.1 or 0.2 M of NH4F. The applied voltage varied between 
60 and 75 V but was kept the same for both anodisation steps. During the first 
step the metal piece was mounted in the cell, schematically illustrated in Fig-
ure 4, and the voltage was applied for at least 3.5 h. This layer was then re-
moved by placing the electrode in deionised water in a sonication bath until 
the nanotubes detached from the substrate. The electrode was then mounted 
in the electrochemical cell again so that the area exposed to the electrolyte 
overlapped with the area exposed during the first step. During the second step 
the same voltage was applied, and the time was varied between 0.5 and 3 
hours, to tune the length of the nanotubes. 

In Paper I, the length of the nanotubes was varied between 4.5 and 40.5 µm 
by employing different anodisation times, applied voltages and fluoride-ion 
concentrations. In Paper II-IV, nanotubes with a length of 10 µm were used in 
all the experiments. 



 25

The as-formed nanotubes were annealed in air at 350C for five hours to 
convert the amorphous TiO2 nanotubes into anatase.  

 
Figure 4 – Schematic illustration of the anodization set-up and the formed free-
standing nanotube electrode. 

TiO2 nanoparticles 
The nanoparticles used in this thesis were formed through a rapid hydrother-
mal route where a solid metal-organic precursor, titanium alkoxide, was im-
mersed into boiling water. As the precursor was thrown into the water a topo-
tactic transformation occurred forming rod-shaped anatase nanoparticles. 
These were then boiled to remove any organic residuals. This resulted in crys-
talline anatase nanoparticles with a diameter of 5  1 nm and a surface area of 
288 m2/g. The formed nanoparticles were essentially free from organic resid-
uals which otherwise could influence their performance as anode material. 
What still could influence their performance in a battery performance is the 
hygroscopic properties of the nanoparticles [50]. The nanoparticles used in 
this thesis were synthesised at the Department of Molecular Sciences at the 
Swedish University of Agricultural Sciences [50]. 

Material characterization  
X-ray diffraction 
In X-ray diffraction (XRD), the crystal structure of the material is analysed 
through diffraction of X-ray beams by the crystal planes in the structure. A 
diffraction pattern is then created depending on the distances between the dif-
fracting planes. 

In this work, a Siemens D500 Diffractometer with a parallel beam geome-
try was used to analyse the crystal structure of the as-formed as well as the 
annealed TiO2 nanotube samples [51,52]. 



 26 

Scanning electron microscopy 
In scanning electron microscopy (SEM), electrons are used to study the mi-
croscopic structures of a surface. An electron beam is scanned over the surface 
and the scattered electrons are detected and used to create an image of the 
surface. The electrons can scatter either elastically or inelastically as they hit 
the surface of the sample. The elastically scattered electrons are incoming 
electrons scattered by atoms in the sample and these will provide composi-
tional contrast. The inelastically scattered electrons are, on the other hand, 
electrons ejected from the sample and provide more topographic contrast [51].  

In the projects presented in this thesis SEM was used to study the morphol-
ogies of different electrode systems both before and after battery cycling. For 
the TiO2 nanotubes both top-view and cross-section views were used to char-
acterise the material. The cross-section views were used to determine the 
length of the formed nanotubes. In the study of lithium metal electrodes, SEM 
was used to study both the stripping and the plating of lithium on the electrode 
as well as the properties of the pristine lithium metal foil. For the studies of 
lithium metal an inert transfer system (Semilab) was used to transfer the sam-
ples from the glove box to the SEM. The batteries were disassembled in the 
glove box and placed in the transfer system which was then sealed to maintain 
the argon atmosphere. The electrodes were in this way transferred into the 
SEM without exposure to air. 

Electrochemical characterization 
Electrode preparation and configuration 
Three different electrode systems have been studied within the scope of this 
thesis: TiO2 nanotube electrodes, TiO2 slurry electrodes and lithium metal 
electrodes. In addition, slurry based LFP cells were used in the full cells dis-
cussed in Paper II. The TiO2 nanotubes were formed through anodisation of a 
piece of titanium metal foil using a 0.9 cm2 area of the foil, defined by the 
electrochemical cell. This nanotube electrode was hence standing on the tita-
nium substrate, which also worked as the current collector for the electrode 
when assembled into a battery. This electrode was intrinsically connected to 
the current collector and there was no need to use any additives such as a 
binder.  

For the TiO2 nanoparticle electrodes a classical powder bed composite con-
figuration with binder and carbon was, on the other hand, used. In this case a 
slurry was prepared with 80wt.% TiO2 nanoparticles, 10wt.% CMC binder 
and 10wt.% carbon black dissolved in water. The slurry was stirred and water 
was added until a homogenous slurry was achieved.  The slurry was then cast 
on copper foil which acted as the current collector for this type of electrode.  
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In Papers I, III and IV, involving room temperature studies of TiO2, a two-
electrode setup with lithium metal foil as a combined counter and reference 
electrode was used. In the high temperature studies in Paper II, two electrode-
setups were used for both half cells and full cells. The half cells consisted of 
a TiO2 nanotube electrode, or a standard slurry based LFP electrode, and a 
lithium metal counter electrode. The full cells consisted of a TiO2 nanotube 
electrode and a LFP electrode separated by a glass fibre separator soaked in 
either organic or ionic-liquidbased electrolyte.  

For the lithium metal electrode studies, the setup consisted of a three-elec-
trode cell in which the working, counter and reference electrodes all were lith-
ium metal foils. A larger counter electrode, as compared to the working elec-
trode, was used to make sure the working electrode was the limiting electrode 
in the system. As a reference, a small piece of lithium foil was used. The work-
ing and counter electrode were punched into round electrodes with 1 and 2 cm 
diameters respectively, before being assembled into the pouch cells.  

Battery assembly 
All electrodes were assembled into pouch cell batteries in an argon filled glove 
box (M-Braun). See Figure 5 and Figure 6 for a schematic illustration of the 
employed pouch cells for the TiO2 and lithium-metal studies, respectively. All 
powder and nanotube electrodes were dried in a vacuum furnace (Büchi) prior 
to the battery assembly. In the pure nanotube studies, i.e., Papers I and III, the 
electrodes were dried at 120 C for 5 hours. In Paper II, all electrodes were 
dried at 120 C for 12 hours, whereas for the study of nanoparticles and nano-
tubes in Paper IV the electrodes were dried at 90 C for 12 hours. It should 
also be mentioned that the nanotube electrodes were heat treated to form the 
anatase phase. This also acted as an additional drying step for the nanotube 
electrodes when compared to the nanoparticle electrodes. 

In the room temperature studies involving the TiO2 nanotubes and nano-
particles, the electrodes were assembled into two-electrode cells separated by 
a piece of glass fibre separator soaked in electrolyte and vacuum sealed into a  
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Figure 5 – Schematic illustration of a pouch cell battery and its components. 

 
Figure 6 - Schematic illustration of a symmetric three-electrode lithium cell. 

pouch cell. The TiO2 nanotube or nanoparticle electrode was used as the work-
ing electrode while a piece of lithium metal foil served as a combined counter 
and reference electrode. The electrolyte used in these cases was 1.0 M LiPF6 
dissolved in ethylene carbonate (EC):diethyl carbonate (DEC) (1:1, by vol-
ume).  

In the high temperature study, i.e., Paper II, half cells with TiO2 or LFP and 
lithium metal foil electrodes were used as well as full cells containing a LFP 
composite cathode and a TiO2 nanotube anode. A glass fibre separator  soaked 
in the electrolyte was used to separate the electrodes. The LFP composite elec-
trode contained LiFePO4, PVdF binder and conductive carbon (see Paper II). 



 29

The electrolyte used in Paper II was either 1.0 M LiTFSI (bis(trifluoro-
methanesulfonyl)imide) dissolved in propylene carbonate (PC) or an ionic liq-
uid electrolyte based on LiTFSI and Pyr13TFSI (N-methyl-N-propylpyrroli-
dinium) with a lithium molar fraction of 0.2. 

In the studies of stripping and plating of lithium metal, i.e., Paper V, the 
electrodes were assembled into pouch cell batteries with a three-electrode 
setup. The working electrode and the counter electrode were separated by four 
Solupor separators (3P071, 80 µm thickness) soaked in 75 µl of electrolyte. 
The reference electrode was placed between the two central separator layers 
slightly outside the working and counter electrode, see Figure 6. This meant 
that the reference was separated from each electrode by two Solupor separa-
tors. The low [Li+] electrolyte used in this study consisted of 0.020 M of LiPF6 
and 1 M TBAPF6 (tetrabutylammonium) dissolved in EC:DEC (1:1), where 
TBAPF6 was added as a supporting electrolyte. The high [Li+] electrolyte was 
a conventional LP40 electrolyte containing 1 M LiPF6 dissolved in EC:DEC 
(1:1).  

Galvanostatic cycling 
During galvanostatic (or chronopotentiometric) cycling a battery is typically 
charged and discharged to pre-defined cut-off voltages using a constant cur-
rent. Galvanostatic cycling can be used to evaluate the long-term cycling sta-
bility of batteries by looking at e.g., the capacity evolution over many cycles. 
This type of cycling can also be used to evaluate how the battery performs 
when charged and discharged at different rates, i.e., using different current 
densities. 

In this study, galvanostatic cycling was used to evaluate the capacities of 
the batteries as well as their capacity retentions upon extended cycling. In Pa-
pers I and III, this type of cycling was also used to study the performances of 
the different TiO2 nanotube electrodes at different cycling rates and the capac-
ity recovering behaviour after the high-rate cycling. All the cycling was per-
formed at room temperature except from the cycling in Paper II which was 
performed at 80 C. In the studies of lithium trapping modified versions of 
constant current cycling, including open circuit pauses, were used to study the 
diffusion of lithium within the electrode material. In the lithium studies, i.e., 
Paper V, standard constant current cycling was used as well as pulsed current 
deposition. In the pulsed current experiments. In the latter a constant current 
period of 5 ms was alternated with a zero-current period of 25 ms.  

Cyclic voltammetry 
In cyclic voltammetry (CV) the potential is typically scanned at a constant rate 
between two potential values, while the current is measured as a function of 
the potential. CV can be used to detect and identify processes taking place in 



 30 

the electrodes and at the electrode-electrolyte interface and to study the factors 
limiting the rate of the reactions and hence the current.  

Here cyclic voltammetry was used to study the insertion and de-insertion 
of lithium ions into the TiO2 electrode material, and the limiting factors asso-
ciated with these processes. 

Choice of electrochemical method 
In the present work both galvanostatic cycling and cyclic voltammetry have 
been used in the electrochemical evaluations of the systems. These two meth-
ods were used for different purposes and the results were also used in a com-
plementary way. The galvanostatic cycling is easy to perform and it is easy to 
extract the capacity for each step. From the voltage profile it is also possible 
to see whether a plateau is reached or not and if the performances of the lithi-
ation and delithiation processes differ. A drawback with galvanostatic cycling 
is, however, that while it is possible to see when the cut-off potential is reached 
it might not be immediately clear why the cut-off potential was reached. In 
cyclic voltammetry, on the other hand, it is possible to look at the shape of the 
oxidation or reduction peak to see whether the current drops to basically zero 
before the cut-off is reached. If this is not the case the results indicate that the 
reaction is incomplete e.g., due to a too slow mass transport. The shapes of the 
CV peaks can also indicate differences in the reaction mechanisms for the 
lithiation and delithiation steps and reveal if these are limited by mass 
transport or not.  

In electrochemical analyses, a three-electrode setup including a reference 
electrode is commonly used to be able to control the potential of the working 
electrode and to monitor current limited by the electrochemical reaction taking 
place at the working electrode. For the lithium half-cells tested here the lith-
ium counter electrode was used as a pseudo-reference electrode because of its 
stable potential during the cycling. For full cells it is possible to use a small 
piece of lithium as a reference electrode to monitor the potentials of the work-
ing and counter electrodes independently. However, this was not possible in 
the cells using the ionic liquid electrolyte as the latter was not stable in contact 
with lithium metal [16]. Therefore, a two-electrode setup was used which un-
fortunately made it more difficult to analyse the properties of the individual 
electrode materials in the full-cell configuration. For the study of lithium metal 
electrodes, a three-electrode setup was used to be able to study the process at 
the working electrode without any influence from the counter electrode. The 
reference electrode used here was a small piece of lithium metal.   
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Analysis of cycled batteries 
ICP-AES 
The amount of lithium present in cycled and uncycled electrodes were deter-
mined in Paper III with inductively coupled plasma atomic emission spectros-
copy (ICP-AES). The samples were one pristine nanotube electrode, one 
nanotube electrode that was assembled into a battery but not cycled and one 
nanotube electrode that had been cycled for 237 cycles, ending with a delithi-
ation step. Both the assembled cells were kept intact for 38 days. After cycling 
the cells were disassembled within the glove box and washed with dimethyl 
carbonate (DMC). For the dissolution of the electrodes, the latter were trans-
ferred to 40 mL micro Kjeldahl flasks and 1.5 mL of sulfuric acid was added. 
These samples were boiled for 30 min after which 0.5 mL sub boiled nitric 
acid was added drop by drop slowly into the boiling sulfuric acid not to give 
rise to a too vigorous reaction. The samples were then allowed to cool to room 
temperature and were subsequently transferred quantitatively to 25 mL Teflon 
tubes. After this 1.00 mL of HF was added and the Teflon tubes were placed 
in a heated alumina block at 80 °C over night. The final totally clear solutions 
were diluted to 50.0 mL before the measurements against acid matched cali-
bration solutions were carried out on the ICP-AES instrument (Spectro CCD, 
Kleve Germany). 
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Influence of the TiO2 nanotube length on the 
electrochemical performance  

Synthesis of nanotubes with different lengths 
In Paper I the syntheses and battery performances of nanotubes with different 
lengths were investigated. The length of the nanotubes was varied through 
variation of the experimental parameters, i.e., the fluoride concentration in the 
electrolyte, the applied voltage and the anodisation time in the second ano-
disation step. An increased anodisation time allows the tubes to grow longer 
but after a certain time the growth rate will decrease as the resistance due to 
the increasing oxide layer increases, and as the fluoride concentration de-
creases in the electrolyte. An increase in fluoride concentration or voltage, on 
the other hand, yields a higher growth rate but also an increased etch rate. The 
increased etch rate gives thinner walls at the top of the nanotubes, which is the 
part that was created first. This could result in a collapse of the upper part of 
the nanotubes and the formation of “nanograss” on top of the nanotube layer 
[49]. Nanotubes with lengths between 4.5 and 40.5 µm were synthesised and  

 
Figure 7 – SEM images of nanotubes. a) Top-view of nanotubes. b) Cross-section 
view of nanotubes. c-i) Cross-section views of nanotubes of different lengths with 
scale bars for length measurements. Reprinted from Paper I. 
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evaluated as electrodes in half-cell lithium batteries. The lengths and morphol-
ogies of the nanotubes were evaluated with SEM using cross-section and top-
views, see Figure 7. 

It was found that the areal capacity of the electrodes increased with increas-
ing length of the nanotubes, as expected since the amount of active material 
per areal unit should increase with the length of the nanotubes. It was, how-
ever, also seen that the capacity increase was smaller than that expected based 
on the increase in the nanotube length. This may be explained in different 
ways, either the increase in the mass loading was not proportional to the length 
since the walls in the longer tubes were more extensively etched, or not all of 
the material was active in the longer nanotubes. The most likely explanation 
is that the mass loading did not scale linearly with the nanotube length due to 
extensive etching of the tube walls at the top of the nanotubes.  

Rate performance of the nanotubes 
The performance of the nanotubes at different cycling rates was investigated 
in rate tests where the cycling rate was varied from C/5 to 10C, Figure 8. A 
rate of C/5 corresponds to a charge or discharge within five hours whereas 
10C corresponds to a charge or discharge time of six minutes. The results 
show that the capacity decreased with increased cycling rate. For the longer 
nanotubes, a change in the cycling rate from 5C to 10C gave rise to a dramatic 
decrease in the capacity. The change in capacity between 2C and 5C was, on 
the other hand, more or less negligible because of a simultaneous increase in 
the lower voltage cut-off value (i.e., on the lithiation side). The decrease in 
capacity for an increased cycling rate could be due to both the increased iR 
drop and limitations due to the slow solid state mass transport of lithium ions 
within the TiO2. The resistance in the cell creates a potential drop over the cell 
which increases when the current is increased. The potential measured during 
the battery cycling only represents the cell potential whereas the TiO2 elec-
trode potential will be affected by the potential drop in the cell. Therefore, the 
electrode will experience a lower potential in the presence than in the absence 
of an iR drop. If the iR drop is large enough, this could result in that the cut-
off potential of the cell being reached before the desired electrode potential is 
reached. The longer nanotubes have a higher mass loading per electrode area 
and therefore a higher current is needed to cycle them at the same rate as the 
shorter ones, which gives rise to a larger iR drop over the cell. This larger iR 
drop is likely the reason why the longer nanotubes lose more capacity at high 
cycling rates than the shorter nanotubes. In the cyclic voltammograms in Fig-
ure 10 it is clearly seen that as the scan rate, and thereby the current, is in-
creased, the oxidation and reduction reactions become associated with increas-
ing overpotentials. If the same cut-off potentials are used this will result in a 
situation where the redox reactions do not have the possibility to finish before 
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the cut-off voltage is reached. As the current at a certain rate is higher for the 
longer nanotubes the latter are more sensitive to this cut-off effect than the 
shorter ones and the long nanotubes therefore lose more capacity during high 
rate cycling. 

 
Figure 8 – Capacity at different cycling rates from 0.2C to 10C for nanotubes with 
lengths from a) 4.5 to 18 µm and b) 34.5 to 40.5 µm. Reprinted from Paper I. 
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Another feature seen in the rate test in Figure 8is that for the longer nano-
tubes cycled at the highest rates (e.g., 10C) the capacity started to decrease 
during the cycling. The capacity was, however, recovered when a lower rate 
(e.g., 1C) was used again. The reason for this capacity decrease could be a loss 
of active material or mass transport limitations. In this case, a loss of material 
can clearly be excluded since the full capacity was recovered during the low 
rate cycling at the end of the rate test. As the cycling rate was decreased after 
the 10C cycles it is also seen that the capacity was decaying during the cycling 
also at 5C but not at 2C or 1C depending on the nanotube length. Since this 
behaviour was not seen for cycling at 5C or 2C before the 10C cycling, the 
results indicate the presence of some kind of memory effect causing the elec-
trode performance to be influenced by the previous cycling. As the capacity 
was recovered upon further cycling at lower rates and as the effect was not 
seen for the cycling at 1C and lower rates this capacity loss was clearly not 
due to a permanent change in the electrochemical behaviour. This phenome-
non may in fact be caused by lithium ions gradually becoming trapped in the 
structure during the high rate cycling so that more lithium ions are inserted 
than extracted during each cycle. This could yield a decreased capacity due to 
the residual lithium ions present in the electrode. There are reports in theliter-
ature showing that a portion of the titanium remained in the Ti3+ state even 
after the delithiation, indicating that lithium ions were indeed trapped in the 
structure [53]. The cycling in Paper I was performed with a 30 second pause 
at open circuit between each lithiation or delithiation step. At the high rates 
only the outermost surface layer of the material should be lithiated during the 
lithiation step which would create a Li+ concentration gradient within the ma-
terial. The inserted lithium ions can then diffuse further into the electrode ma-
terial during the relaxation time and thereby become unreachable during the 
following delithiation step. After the delithiation a second relaxation time was 
used during which the lithium ions in the electrode material could diffuse both 
further into the material and towards the surface because of the concentration 
gradients, thereby giving rise to less free positions for the following lithiation. 
Memory effects have previously been reported in the literature for different 
intercalation materials indicating that these effects can influence the electro-
chemical behaviour of the electrode material during battery cycling [54,55]. 

It has previously been seen that the lithiation and the delithiation processes 
take place via different reaction paths, an effect which has been explained by 
the difference between the diffusion rates in the lithiated and non-lithiated 
material [56,57]. Different explanations can be found in the literature regard-
ing the processes involved in the lithiation of TiO2. One suggestion is that the 
first part of the lithiation cycling curve corresponds to homogenous insertion 
of lithium ions into the material and that the subsequent plateau corresponds 
to a two-phase reaction whereas the last sloping part stems from interfacial 
lithium storage [57–59]. The reaction path difference between lithiation and 
delithiation is also seen in the cycling curves in Figure 9 where the delithiation 
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step features a clear plateau and a sharp increase in the voltage towards the 
end, whereas the lithiation step, especially at high rates, shows a rather ex-
tended sloping region towards the end of the step. This indicates that the lithi-
ation process is the limiting step since a higher over-potential is needed earlier 
to maintain the selected current. To investigate this in more detail cyclic volt-
ammetric experiments were performed at different scan rates. The results for 
4.5 µm and 34.5 µm long nanotubes are shown in Figure 10. From the cyclic 
voltammogram it is seen that the polarisation increased with increasing scan 
rate in good agreement with the increase in the polarisation seen in the cycling 
curves in Figure 9. The cyclic voltammograms also demonstrate that the lithi-
ation and delithiation processes behave differently since the peak shapes were 
different for the reduction and the oxidation peak. The reduction (i.e., lithia-
tion) peak was significantly broader than the oxidation (i.e., delithiation) peak 
indicating that the current beyond the reduction peak was controlled by mass 
transport (i.e., diffusion). These results show that the material was not fully 
lithiated mainly due to mass transport limitations. It can also be seen that these 
mass transport-controlled tails in the cyclic voltammetry, see Figure 10, cor-
respond to the sloping area in the cycling curves seen in Figure 9. From the 1 
mV/s voltammogram for both nanotube lengths it is also clear that the reac-
tions could not be completed before the potential sweep was reversed as the 
current did not decay to zero. This behaviour was more pronounced for the 
lithiation step, further supporting the hypothesis that the lithiation is the rate 
limiting step. The voltage window was increased as the scan rate was in-
creased from 0.2 mV/s to 1 mV/s to compensate for the increased iR drop (as 
the current increases when the scan rate is increased), and the same thing was 
done in the rate test with galvanostatic cycling. For the oxidation peak (i.e., 
delithiation) the cut-off voltage increase, (the same as was used in the gal-
vanostatic cycling), was sufficient and the current almost decayed to zero be-
fore the scan was reversed. This was, however, not the case for the reduction 
(lithiation). For the reduction (i.e., lithiation) step a broader peak with a more 
slowly decaying current was seen indicating that the capacity losses seen at 
the higher cycling rates mainly were due to a time effect associated with mass 
transport limitations rather than a potential effect created by the increased iR 
drop.  
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Figure 9 - Voltage profiles recorded during galvanostatic cycling at different cy-
cling rates using a) 4.5 and b) 34.5 µm long nanotube electrodes, respectively. Re-
printed from Paper I. 
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Figure 10 - Cyclic voltammograms recorded at various scan rates for a) 4.5 and b) 
34.5 µm long nanotube electrodes, respectively. Reprinted from Paper I. 
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High temperature cycling 

In Paper II, TiO2 nanotube electrodes were cycled at 80 C in full cells versus 
LFP electrodes using either an ionic-liquid based electrolyte or an organic 
electrolyte, see Figure 11. Half cells containing TiO2 and LFP electrodes were 
also cycled with lithium foils as combined counter and reference electrodes 
employing the conventional organic electrolyte, 1.0 M LiTFSI dissolved in 
PC. No half cells were cycled with the ionic-liquid based electrolyte because 
of its instability in contact with lithium metal. All nanotubes cycled in Paper 
II had a length of approximately 10 µm and the comparisons with the room 
temperature cycling performance, described in Paper I, refers to the results 
obtained for electrodes with the same nanotube length.  

 
Figure 11 - Cycling of full cells containing a TiO2 negative electrode, a LFP positive 
electrode and an ionic liquid electrolyte at 80 C. a) Capacity as a function cycle 
number at a rate of C/5. b) Rate test at cycling rates between C/5 and 5C. The inset 
in a) depicts the corresponding full-cell capacity obtained with the conventional or-
ganic electrolyte. Reprinted from Paper II. 

During the high temperature cycling of the half cells containing the conven-
tional organic electrolyte, the LFP electrode continuously lost capacity, see 
Figure 12c and d, while the TiO2 nanotube electrode showed a rather stable 
cycling over 100 cycles, see Figure12a and b. This shows that the TiO2 nano-
tube electrodes can be cycled without significant problems at 80 C whereas 
the decreasing capacity for the LFP electrode suggests the presence of an ir-
reversible reaction involving the electrolyte. This shows that other types of 
electrolytes are needed to allow the realisation of full cells based on these ma-
terials (i.e., LFP and TiO2 nanotubes) cycling at 80 C. For this purpose, an 
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ionic liquid was used as the electrolyte in full cells cycled at 80 C. The-ionic 
liquid based full cell showed good cycling performance over 100 cycles at 80 
C (see Figure 11) compared to the continuous capacity loss found for the full 
cell containing the conventional organic electrolyte, see the inset in Figure11a.  

 
Figure 12 – Cycling of half cells containing the conventional organic electrolyte at 
80 C using a rate of  C/5. a) Cycling curves for different number of cycles and b) 
the capacity (left axis) and coulombic efficiency (right axis) as a function of the cy-
cle number for a TiO2 nanotube half-cell. c) Cycling curves and d) capacity (left 
axis) and coulombic efficiency (right axis) as a function of the cycle number for a 
LFP half-cell. Reprinted from Paper II. 

For the high temperature cycling of the TiO2 nanotube based half-cells de-
picted in Figure 12 it is seen that a gravimetric capacity of around 150 mAh/g 
was obtained at a rate of C/5. This value can be compared to the 130 mAh/g 
found at room temperature in Paper I when using similar 10 µm long nano-
tubes and the same cycling rate. A higher capacity found at 80 C is not unex-
pected since the diffusion rate increases with increasing temperature which 
should speed up the lithium-ion diffusion both in the electrolyte and, more 
importantly, in the TiO2 nanotube electrode material. This finding is hence in 
line with the conclusion in Paper I that the diffusion of lithium ions in the TiO2 
most likely limits the electrode capacity at high cycling rates. 

The cycling curves for the TiO2 nanotube based half-cell containing the 
conventional organic electrolyte obtained at 80 C seen in Figure 12 exhibit 
two plateaus on both the oxidation (i.e., delithiation) and the reduction (i.e., 
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lithiation) steps. During the lithiation, a sloping region, is seen after the first 
plateau region after which an additional small plateau can be noted. In the 
large plateau region it is reasonable to assume that the environment for the 
lithium-ion insertion does not change significantly so that the lithium ions can 
be continuously inserted at approximately the same potential. In the sloping 
part of the lithiation curves the lithiation conditions, on the other hand, change 
so that lower and lower potentials are needed to maintain the insertion rate 
associated with the selected current density. This effect, which is even more 
clearly seen after an increased number of cycles, could stem from, an increase 
in the cell resistance caused by the increased lithiation degree of the material. 
At a certain point, a new plateau is formed indicating the onset of a new lithi-
ation process. Since no other material than the TiO2 nanotubes was present in 
the electrode and no electrolyte decomposition should occur at these poten-
tials, it is reasonable to assume that the new plateau is associated with further 
lithiation of the TiO2. The fact that a corresponding plateau was seen also on 
the delithiation curve also indicates that the process is reversed upon oxidation 
of the TiO2. The results hence suggest that the reaction at this reduction plat-
eau involves insertion of lithium ions rather than an unidentified side reaction. 
To be able to insert more lithium ions at a constant potential at this stage it is 
likely that the material has to undergo a structural change which facilitates 
further insertion of lithium ions into the already lithiated electrode material. 
There are reports in the literature stating that anatase undergoes structural 
changes upon the lithiation. In micro sized particles, a phase transformation 
from the tetragonal anatase phase to an orthorhombic Li-titanate has thus been 
shown [60–63]. For nanoparticles, a further lithiation to Li1TiO2, indexed with 
the same structure as the initial anatase structure but with very different lattice 
parameters, has also been reported [60–63]. The lithiation towards Li1TiO2 is 
assumed to be hindered by the increasing coulombic repulsion between the 
lithium ions and the slow lithium ion diffusion in the highly lithiated phase 
[57,61,62]. This could explain why a higher capacity was seen during the first 
plateau at elevated temperatures compared to at room temperature. The small 
capacity of the second lithiation plateau indicates that a limited amount of the 
new sites was reachable under the employed cycling conditions. This could be 
due to the slow diffusion caused by the coulombic interactions between ions. 
In the high temperature cycling curves, the second plateau was seen at poten-
tials around 1.6 V vs. Li+/Li. A closer look at room temperature cycling curves 
in Paper I for a rate of C/5, shown in Figure 9, however, also indicates the 
onset of a second plateau close to the cut-off potential. The cyclic voltammo-
grams in Paper I obtained at room temperature seen in Figure 10 likewise fea-
ture a small current increase at potentials beyond the main reduction peak 
which most likely corresponds to the same process. In the room temperature 
cycling results presented in Paper I and in several reports in the literature this 
additional plateau is only seen during the lithiation [53,63]. The high temper-
ature cycling results seen in Figure 12a, however, indicates that this process 
also can be reversed during the delithiation step. 
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Lithium trapping in TiO2 

As indicated above, the results discussed in Paper I suggested the presence of 
a lithium trapping effect in the freestanding anodised TiO2 nanotubes. This 
was seen as a temporary capacity loss during high rate cycling of, mainly, the 
40 µm long nanotubes, shown in the rate test in Figure 8. Since a trapping 
effect had been reported for alloying materials there were good reasons to sus-
pect that such an effect also could be present for intercalation materials such 
as TiO2 [64]. In Paper III, the observed capacity loss was the motivation for 
investigating a possible trapping effect also for TiO2. If a lithium trapping ef-
fect were seen for TiO2 this could indicate that this effect likewise may influ-
ence the performance of other insertion type electrode materials. The inclusion 
of a pause in the cycling of the batteries was assumed to influence the trapping 
of lithium, because it would allow the inserted Li+ and corresponding e- to 
diffuse inside the electrode material. Cycling including open circuit pauses 
was therefore used to investigate the trapping effect both electrochemically 
and via post-cycling analyses of the electrodes with ICP-AES. The diffusion 
of Li+ and the corresponding e- is for simplicity referred to as diffusion of 
lithium below. 



 43

 
Figure 13 - Rate test of 10 µm long TiO2 nanotubes. a) The capacity per footprint 
area as a function of the cycle number. b) Cycling curves for cycles 1 and 40, re-
spectively, using a rate of 20 C. c) Analogous cycling curves for a rate of 2 C rec-
orded after the 20 C cycles shown in b). d) Cycling curves for cycles 1 and 40, re-
spectively, recorded at a rate of 40 C. 

High-rate performance 
In Paper III, 10 µm long nanotube electrodes were used and their behaviour 
during high-rate cycling was initially compared with those of electrodes based 
on longer nanotubes, which showed a capacity fading at high rates in Figure 
8. The 10 µm long nanotube electrodes were cycled at rates between 2C and 
40C. The capacities of the batteries were first determined based on the initial 
cycles, which were conducted at a rate of roughly C/25. The capacity of each 
cycle and some selected cycling curves are shown in Figure 13. Between every 
high rate series, the battery was cycled at a rate of 2C to minimize the influ-
ence of the previous high-rate cycling. During the high-rate cycling, at rates 
between 10C and 40C, the capacity decreased slowly so that every cycle gave 
rise to a slightly lower capacity. In Figure 13, it is also seen that the first 2C 
lithiation capacity after the-high rate cycles always was too low. The latter 
indicates that lithium was trapped in the electrode during the high-rate cycling. 
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This lithium could, however, be extracted during the 2C cycling. This hypoth-
esis is further supported by a comparison of the cycling curves. In Figure 13b 
and d, it is seen that both the 20C and 40C curves show a lower capacity for 
the last of the 40 cycles at the respective rates. It is also seen that especially 
the first (high rate) cycle gave rise to a higher lithiation than delithiation ca-
pacity, indicating lithium trapping. For the 2C cycling curves, seen in Figure 
13c, recorded after the 20C cycling, an opposite behaviour was, however, seen 
as the delithiation capacity was larger than the lithiation on the first cycle, 
indicating that trapped lithium could be extracted at the lower cycling rate. 
Apart from this, no clear capacity change could be seen in the 2C cycling 
curves in good agreement with the capacity data.  

 
Figure 14 - Areal lithiation and delithiation capacities as a function of the cycle 
number obtained during cycling with open circuit pauses. The cycling procedures 
are shown in the insets where the repeated part, shown in grey, was the basis for the 
capacity plots. a) shows the capacities for a prelithiated sample while b) shows the 
corresponding values for a fresh and pristine electrode. The higher capacity values 
in b correspond to the low-rate cycles whereas the lower capacity cycles correspond 
to the high-rate cycles. 
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The effect of using a pause during the cycling 
To further analyse the capacity loss seen for the TiO2 nanotubes and the trap-
ping effect, two different cycling procedures involving open circuit pauses 
were used. The aim was to show how the diffusion of lithium within the elec-
trode material is affected by the lithiation degree of the electrode material. To 
see this, studies were made both on prelithiated and predelithiated electrodes. 
The prelithiated electrode was lithiated with a low current density, 14 µA/cm2, 
yielding a lithiation capacity of 0.39 mAh/cm2 which roughly corresponded to 
x = 0.4 in Equation 1. The results of the prelithiated cycling are shown in 
Figure 14a, together with the employed cycling procedure. For the prelithiated 
electrode, the delithiation capacity was larger than the lithiation capacity indi-
cating that this behaviour was opposed to that typically seen during the cycling 
of a pristine (i.e., delithiated) electrode, in good agreement with the results in 
Paper I and previous findings [56]. During the relative fast delithiation of the 
prelithiated electrode, the surface of the electrode was depleted with respect 
to lithium. This created a lithium concentration gradient between the electrode 
surface and the lithiated inner parts of the electrode which resulted in diffusion 
of lithium towards the electrode surface. This effect, which decreased the sub-
sequent lithiation capacity, can hence be seen as a result of the competition 
between the lithium diffusion towards the surface and the insertion of lithium, 
schematically illustrated in Figure15b.  

If the electrode instead is delithiated prior to the high rate cycling an oppo-
site concentration is generated during the cycling, resulting in a diffusion of 
the lithium inward, towards the centre of the electrode material. In this case a 
high-rate cycle, (using a current density of 6.3 mA/cm2), with a one-hour pause 
between lithiation and delithiation, was followed by a low rate,( 6.3 µA/cm2), 
cycle not containing any pause, a sequence that was then repeated. Figure14b 
shows the obtained lithiation and delithiation capacities as a function of the 
cycle number as well as the employed cycling procedure. While the lithiation 
capacity was higher than the delithiation capacity after the one-hour pause 
during the high-rate cycling, the opposite was true during the subsequent low-
rate cycling. Since the lost capacity could be recovered during the low-rate 
cycling this shows that the capacity loss was, at least to a certain extent, re-
versible. The results also indicate that the capacity loss was due to diffusion 
and trapping of lithium within the electrode, rather than e.g., a decomposition 
of the electrolyte or the electrode material which should give rise to irreversi-
ble capacity losses. The capacity losses and capacity gains reported in Paper 
III, Table S1, show that the numbers correlate well although a small part of 
the capacity loss, could not be recovered, within the used time frame. For the 
first cycle around 40% of the lost capacity could not be recovered, for the 
following cycles the numbers were between 10 and 14%. The latter could be 
a result of the usage with constant current cycling. The drawback of constant 
current cycling is that it is difficult to completely delithiate the electrode due 
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to the fact that at a certain point, depending on the magnitude of the current, 
the lithium concentration within the electrode, and thereby the diffusion rate, 
becomes too low to support the current. As a result, the cut-off potential is 
reached and the delithiation step is terminated. This problem could be avoided 
using controlled potential methods, which hence could be used to extract the 
trapped lithium from cycled electrodes, although the long time required would 
be a problem in real applications. The proposed process for the lithium diffu-
sion is schematically illustrated in Figure 15a. As the electrode is lithiated 
using a rather high cycling rate the whole material is not utilised, as is also 
discussed in Paper I. This results in that the material is only lithiated to a cer-
tain depth creating a lithiated layer closest to the surface whereas the inner 
parts of the material may not be lithiated at all. This creates a concentration 
gradient which will drive the diffusion of lithium further into the non-lithiated 
parts of the material. In the experiments described above, there was hence 
lithium diffusion during the one-hour pause applied after the lithiation step. 
As the delithiation starts some of the lithium has diffused too far into the elec-
trode and therefore become unreachable during the delithiation step.  
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Figure 15 - Schematic illustration of the trapping effect in lithium for a) the non-
lithiated case and b) the prelithiated case. a) The non-lithiated electrode is lithiated 
at a high rate giving rise to a small lithiated volume. During the pause lithium will 
then diffuse further into the electrode, driven by the concentration gradient. Some of 
the lithium will then not be possible to extract during the delithiation step. b) If the 
electrode is prelithiated prior to a high rate delithiation, a thin layer of delithiated 
material is instead formed at the surface resulting in a concentration gradient driv-
ing the diffusion towards the surface. This diffusion towards the surface will com-
pete with the lithium insertion in the following lithiation step, resulting in a lower 
lithiation capacity. 
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Table 1. Amounts of lithium found in TiO2 electrodes 

 
Table 1 - The results of the ICP-MS measurements showing the amount of lithium 
found in the TiO2 electrodes for an uncycled cell and a cell cycled for 237 cycles at 
0.7 mA/cm2 with a five-minute pause between the lithiation and delithiation steps on 
each cycle. The pristine electrode was not exposed to the electrolyte and used as ref-
erence. The accumulated capacity during the 237 cycles is reported as the corre-
sponding amount of lithium assuming that all the accumulated charge would give 
rise to trapped lithium. 

Quantification of lithium in the electrodes 
ICP-AES measurements were used to determine the amount of lithium in cy-
cled electrodes to demonstrate the presence of a lithium trapping effect and to 
allow a comparison with the accumulated lost charge seen based on the elec-
trochemical data. For the ICP-AES measurements two cells were assembled 
one of which was cycled for 237 cycles ending with a delithiation step. The 
other cell was stored in the lab during the same time. A pristine electrode was 
also used as a reference in the ICP-AES measurements. The resulting amounts 
of lithium in the different samples are shown in Table 1 together with the ac-
cumulated lost capacity, calculated using the lithiation and delithiation capac-
ities for each cycle. The detected lithium in the uncycled electrode was as-
sumed to originate from electrolyte residuals on the electrode surface that 
were not removed during the washing. Due to the analogous washing proce-
dure the difference between the lithium amounts in the cycled electrode and 
the uncycled electrode was assumed to originate from the cycling of the elec-
trode. A comparison of the detected amount of lithium with the accumulated 
lost capacity then shows that around half of the accumulated lost capacity 
could be explained by the trapped lithium found in the electrode material. As 
described before TiO2 is known to give irreversible capacities during the ini-
tial cycles due to decomposition of residual water in the material. This would 
also contribute to the accumulated capacity and it is therefore hard to distin-
guish the water effect from the trapping of lithium since both should have their 
largest impact during the initial cycles. If a comparison is made with the re-
sults in Paper IV where a lower cycling rate and no pause were used the latter 
indicated an irreversible capacity of 0.03 mAh during the first cycle. These 
conditions should have minimized the trapping effect since the electrode was 
closer to being fully lithiated and no pause was used. The water could then 
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explain around 16% of the accumulated capacity, although the correct value 
probably was a bit higher since water should have been present not only during 
the very first cycle but rather the first couple of cycles. Another contribution 
to the accumulated lost capacity could stem from differences in the washing 
of the electrode, although the same procedure is used for all electrodes. It 
should also be noted that the differences between the lithiation and delithiation 
capacities also were very small, especially during the later cycles. This could 
also result in uncertainties in the accumulated lost capacity. 

Both the electrochemical data and the ICP-AES clearly show that lithium 
was trapped in the TiO2 nanotube electrodes during cycling. This shows that 
a lithium concentration gradient is created in the material during the lithiation 
of the electrode and that this gradient drives the diffusion of lithium further 
into the not yet equally lithiated electrode material. During the delithiation of 
an already lithiated electrode, a concentration gradient towards the delithiated 
surface can, on the other hand be generated. 
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TiO2 nanoparticles 

The nature of the active electrode material obviously plays a large role in terms 
of the performance and behaviour of an electrode used in a lithium-ion battery. 
What might be less obvious is that the shape or morphology of the electrode 
material also plays a major role. A lot of research has been made on different 
ways to use nanostructuring as a means of improving the performance of dif-
ferent electrode materials e.g., to get shorter diffusion paths and thereby better 
high-power performances [65–67]. While a change in the electrochemical be-
haviour can be seen when going from microscale to nanoscale materials, the 
shape and morphology of the material will also influence the performance of 
different nanostructured materials. In Paper IV, the electrochemical perfor-
mance of TiO2 nanoparticle composite electrodes, made with the traditional 
slurry casting technique, was compared to that of electrodes composed of free-
standing TiO2 nanotubes. This comparison also gives the possibility to see the 
differences between the performance of additive-free TiO2 electrodes and the 
traditional slurry electrodes in which a binder and conductive carbon are em-
ployed. The different electrodes were compared using pouch-cell battery set-
ups. The nanotube electrodes used were freestanding 10 µm long nanotubes 
whereas the nanoparticle electrodes used were cast from a slurry containing 
80wt.% active material, 10wt.% CMC binder and 10wt.% carbon black. An 
illustration of the two different electrodes is shown in Figure 16. The compar-
ison of the electrodes were made using both standard cycling at a rate of C/2.5 
and based on the lithium trapping effect previously seen for the nanotube elec-
trodes in Papers I and III. The cycling rates were here calculated based on a 
capacity of 168 mAh/g, corresponding to x=0.5 in Equation 1. 

 
Figure 16 – Schematic illustration of the two different electrode systems used in Pa-
per IV, a nanoparticle electrode to the left and a nanotube electrode to the right. 
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Figure 17 – Cycling capacities as a function of the cycle number as well as cycling 
curves recorded at a rate corresponding to approximately C/2.5 for a) and c) a TiO2 
nanoparticle electrode, and b) and d) a TiO2 nanotube electrode. 

Conventional constant current cycling 
The cycling curves in Figure 17 show that the nanotube electrode had a more 
well-defined behaviour with a clear plateau, especially during the delithiation 
step. This suggests that the nanotube electrode constitutes a more homogenous 
electrochemical environment for the inserted lithium, due to the well-defined 
TiO2 nanotube wall thickness and porous structure allowing the electrolyte to 
have ready access to the electrode surface. TiO2 anatase usually show an irre-
versible capacity loss on the first cycle which previously has been explained 
by the reduction of residual water present in the material [32,34]. Such an 
effect was also seen on the first cycle for both the nanoparticle and the nano-
tube electrodes used in this study. It was also evident that the irreversible ca-
pacity was significantly larger for the nanoparticle electrode, 80 mAh/g, com-
pared to 12 mAh/g for the nanotube electrode and that the irreversible capacity 
loss could be seen during more cycles for the particle electrode. The cou-
lombic efficiency was seen to stabilise after two cycles for the nanotube elec-
trode whereas almost ten cycles were required for the nanoparticle electrode, 
see Paper IV Figure S1. This was assumed to originate from differences in the 
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amount of residual water in the electrodes, as the amount of water was as-
sumed to be larger in the nanoparticle electrode. As the nanotubes obtained 
after the anodisation synthesis were amorphous a heat treatment at 350 C was 
used to obtain the anatase phase. This was most likely one reason for the lower 
water concentration in the nanotube electrodes. The anatase nanoparticles ob-
tained as a result of the nanoparticle synthesis were, however, not further heat 
treated. Due to the heat treatment more water should therefore have been re-
moved from the nanotubes. The nanoparticles were synthesised using a water 
based slurry method and have also been reported to be hygroscopic which fur-
ther enhances the risk of the nanoparticles containing residual water [50]. The 
drying process, i.e., drying in vacuum at 90 C for 12 hours, used in the glove 
box before the cell assembly was the same for both electrode systems. The 
nanoparticle electrode should have had a more complex pore structure com-
pared to the large and straight pores in the nanotubes which should make it 
harder to dry the nanoparticle electrode and would give rise to more residual 
water. The larger amount of water in the nanoparticle electrode would explain 
why the irreversible capacity was seen during more cycles for the nanoparticle 
electrode. It should also be mentioned that the carbon black present in the na-
noparticle electrode (which was not present in the freestanding nanotube elec-
trode) likewise could give rise to some irreversible capacity.  

The later cycles at C/2.5 showed a higher gravimetric capacity for the nano-
particle electrode, 160 mAh/g, compared to the nanotube electrode, 130 
mAh/g. It should, however, be noted that the mass loading was around seven 
times higher for the nanotube electrode than for the nanoparticle electrode, 
i.e., 2.9 mg/cm2 and 0.4 mg/cm2, respectively, which should favour the nano-
particle electrode. The exact mass of the nanotube electrode was also difficult 
to determine as the mass was not determined for every electrode given that it 
involves a destructive process, as is described in Paper I. In addition, it is pos-
sible that the mass of the nanotube electrode was overestimated as the elec-
trodes are first weighed after which the nanotubes are removed, and the metal 
foil is weighed again. The diffusion length in the nanoparticles, which had a 
size of 5 nm, was also considerably smaller than that in the nanotubes which 
had a wall thickness of about 50 nm. The material dimensions have been 
shown to play an important role for the attainable lithiation degree of  TiO2 
[67].  

Depending on the targeted application and battery properties, capacities are 
usually reported in different ways. For nanotube electrodes the capacity is of-
ten reported per footprint area, partially due to the difficulties associated with 
the determinations of their mass loadings. In this case the nanotubes gave rise 
to an areal capacity of 0.37 mAh/cm2, which should be compared to the value 
of 0.067 mAh/cm2 obtained for the nanoparticle electrode. The areal capacity 
can, as is discussed in Paper I, also be used as an indication of the electrode 
mass loading.  
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Figure 18 - Voltage profiles for the repeated lithiation depicted for a) the nanoparti-
cle and b) the nanotube electrode. The high rate lithiations corresponds to a theoret-
ical rate of around 14C for the nanoparticle electrode and 6C for the nanotube elec-
trode. The open circuit period is five hours. The ending delithiation correspond to a 
rate of C/3 for the nanoparticle electrode and C/8 for the nanotube electrode. Accu-
mulated charge for the repeated lithiation and the subsequent delithitation for c) na-
noparticles and d) nanotubes. 

Repeated lithiation 
Indications of a trapping effect in the TiO2 nanotubes were previously seen in 
Paper I and were also discussed above in conjunction with Paper III. In Paper 
IV, this effect was investigated also for the nanoparticle composite electrode 
and the results were compared with those obtained for the nanotube electrode. 
This was done employing a sequence of repeated lithiations separated by five 
hour long open-circuit pauses. After several lithiations, i.e., 10 and 11, respec-
tively, a slow delithiation step was applied to extract the inserted lithium. 
From the potential profiles, see Figure 18, it is seen that the potential relaxed 
during the open circuit pause period, indicating that the concentration of the 
reduced species at the surface of the electrode decreased. This decrease could 
either be due to lithium-electron pairs moving from the electrode into the elec-
trolyte (i.e., a self-discharge) or lithium-electron pairs diffusing further into 
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the electrode material. In the following discussion such diffusion of lithium-
electron pairs will be referred to as diffusion of lithium. The relaxed potential, 
after the pause, was shifting towards lower potentials as the cycling pro-
ceeded, indicating a higher degree of reduced lithium at the electrode surface, 
i.e., a higher degree of lithiation. It is also seen from the following delithiation 
step, performed using a lower current density, that the extracted capacity cor-
responded well to the sum of the capacities for all the repeated lithiations. This 
indicates that lithium diffused further into the material during the open circuit 
pause and thereby became unreachable unless a lower current, and hence 
longer time, was used during the delithiation step. The accumulated charge 
plotted in Figure 18 also shows that a lower and lower capacity was associated 
with the repeated lithiations, which is a further indication that the material was 
already partly lithiated and that the lithium had diffused further into the mate-
rial. The total capacity during the repeated lithiations was 189 mAh/g for the 
nanoparticles and 121 mAh/g for the nanotubes. The nanotubes showed a sim-
ilar capacity compared to during the conventional cycling, i.e., 130 mAh/g. 
The nanoparticles, on the other hand, showed a higher capacity during the re-
peated lithiations compared to the conventional cycling (i.e., 189 mAh/g ver-
sus to 160 mAh/g) which yielded a higher degree of lithiation than that ob-
tained during the conventional cycling. This higher degree of lithiation was 
clearly reached as a result of the usage of the open-circuit pauses. 
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Figure 19 – Cycling curves for the repeated lithiation and the subsequent delithia-
tions. a) and c) shows cycling curves for a selection of the repeated lithiations, 
whereas b) and d) show the cycling curves for the following delithiations. The cy-
cling curves for all the lithiation pulses as well as the precycling are displayed in 
Figure S2-5 in Paper IV. 

The cycling curves for a selection of the repeated lithiations as well as the 
following delithiations are shown in Figure 19 whereas curves for all lithia-
tions and pauses can be found in Paper IV Figures S4 to S7.  Based on these 
results it is seen again that the nanotubes showed a more homogenous electro-
chemical behaviour with a small plateau also on the first cycle of the high rate 
lithiations. The current during the high rate lithiations was 2.4 mA which cor-
responded to 2400 mA/g for the nanoparticles and 920 mA/g for the nano-
tubes. From the cycling curves it is seen that approximately 25 – 30 % of the 
first lithiation capacity was inserted during the second lithiation, and that this 
fraction then decreased for every cycle. This is in good agreement with the 
larger driving force for the solid-state diffusion during the first pause as the 
concentration gradient would be larger when the electrode is empty, or close 
to empty, at the beginning. The cycling curves also show that the potential 
decreased after every lithiation which is an indication that the electrode al-
ready was partly lithiated when the lithiation started and that the accumulated 
charge in the electrode was built up as a result of the lithiation steps. The lithi-
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ation curves were also getting steeper and steeper with the number of lithia-
tions which, as well, is in good agreement with an increased lithiation degree 
pushing the potential towards more extreme potentials to keep up with the 
applied current. The trapping effect seen for both the nanoparticles and the 
nanotubes is also in good agreement with the ICP-AES results discussed in 
Paper III where lithium was detected in the delithiated electrode after cycling 
using only a five-minute pause. 

If a pause is introduced between the lithiation sequences it is possible to 
lithiated the material further because of the diffusion of lithium further into 
the material driven by the induced concentration gradient. This means that 
what limits the capacity of the TiO2 is the solid-state diffusion of lithium 
within the material. The diffusion length was smaller for the nanoparticles, 5 
nm, compared to for the nanotubes, 50 nm, which could explain the higher 
gravimetric capacity for the nanoparticles together with difficulties in the 
nanotube mass determinations. The results also show that when TiO2 is cycled 
with a pause this leaves time for the lithium to diffuse further into the material 
which makes it unreachable on the applied time scale, i.e., cycling rate, thus 
creating a trapping effect. This will take place also without a pause, but the 
length of the pause should affect the amount of lithium trapped and thereby 
the capacity loss.  

If the amount of inserted lithium during the repeated lithiations is studied, 
either based on the cycling curves in Figure 19 or in the accumulated lost ca-
pacity in Figure 18, it is seen that, as was discussed above, the amount of 
lithium inserted decreases for every cycle. During the first couple of cycles a 
substantial amount of capacity is inserted whereas the capacity associated with 
the last couple of cycles was very low. Since TiO2 has been developed as an 
anode material for lithium-ion batteries, the lithiation of TiO2 corresponds to 
the charging process of a full-cell battery. In the repeated lithiations rather 
high currents were used to lithiate the material, 2400 mA/g, yielding a rate of 
14C for the nanoparticles, and 920 mA/g or a rate of 6C for the nanotubes, 
respectively. This shows that a fast lithiation of the material is rather efficient 
if the material is completely delithiated from the beginning. If the material is 
already partly lithiated, corresponding to e.g., a half-charged electrode, a fast 
lithiation is, however, less efficient. This means that if fast charging is to be 
applied it should be applied to completely discharged batteries to be effective.   



 57

Planar lithium growth 

In the work with TiO2 nanotubes it has become obvious that the failure of the 
battery cells many times can be caused by a failure of the lithium metal counter 
electrode rather than the investigated electrode. This shows that an extended 
understanding of the stripping and deposition of lithium metal is needed, not 
only to enable commercial lithium-based batteries but also to facilitate re-
search on other battery components. The growth of mossy lithium and dendrite 
formation during repeated stripping and deposition of lithium can give rise to 
dead lithium, i.e., lithium that has lost the electrical contact to the electrode, 
and short circuits [22–26]. To better understand these phenomena both the 
stripping and deposition of lithium on a lithium metal electrode were studied 
under different circumstances. The hypothesis was that the three-dimensional 
growth of lithium metal seen during the cycling under normal conditions can 
be ascribed to the low number of nuclei formed on the lithium electrode and a 
preference to grow on already existing structures rather than creating new nu-
clei. Therefore, two different approaches were combined to achieve a smooth 
lithium deposition and stripping. A low lithium salt concentration, i.e., 0.02 
M LiPF6 rather than the traditional concentration of 1.0 M, and a supporting 
electrolyte were used to facilitate the nucleation and remove the influence of 
lithium migration during the deposition. Migration should be avoided since it 
leads to preferential growth on e.g., dendrites because of the concentration of 
the electrical field on a tip of, e.g., a dendrite. In the low concentration elec-
trolyte a supporting salt, TBAPF6, was used to take care of the migration 
within the electrolyte so that the lithium transport would become diffusion 
controlled [68]. This was used together with an initial nucleation pulse which 
provided a large overpotential and thereby facilitated the attainment of a high 
lithium nuclei density  [68–70]. In a conventional electrolyte with 1.0 M lith-
ium salt the redox buffer capacity of the Li+/Li redox system is high enough 
to keep the electrode at a stable potential so that the high overpotential needed 
for the nucleation step cannot be readily reached [71].  

The initial cycle 
The SEM micrographs in Figure 20 and Figure 21 depicts top-views of the 
lithium metal after the first deposition step and the first full cycle, respectively, 
using the high [Li+] electrolyte, i.e., 1.0 M LiPF6, and the low [Li+] electrolyte, 
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i.e., 0.020 M LiPF6 + 1.0 M TBAPF6. In all cases a 10 ms long nucleation 
pulse with an amplitude of -6 V was used, followed by a 100 ms long pause. 
The charges were 1.9 C for both the deposition and stripping steps and the 
current density used was 1.0 mA/cm2. The stripping was made with a constant 
current while the deposition was made either with a constant current or with a 
pulsed current, as in Figure 21. With the high [Li+] electrolyte, a lithium sur-
face with large islands of deposited porous lithium was obtained. The size of 
the islands was generally larger than 50 µm. After the stripping it was seen 
that the shapes of the islands had changed and that pits, with sizes between a 
few µm and 50 µm, were formed on the lithium surface. Similar results were 
seen both for the deposition using a constant current and the pulsed current 
approach. This showed that not all the deposited lithium was oxidised during 
the oxidation step and that the use of the high [Li+] electrolyte did not give 
rise to planar lithium growth. The latter is in good agreement with previous 
reports [17–19,22–24,26,72].  

In the low [Li+] electrolyte cases a planar and smooth lithium deposition 
was seen without any porous islands. This shows that planar lithium growth is 
possible to obtain with the low [Li+] electrolyte. The usage of a pulsed depo-
sition current improved the deposition further, in agreement with previous re-
ports [73,74]. After the first stripping, hardly any pits were seen which also 
shows that it to a large extent is possible to oxidise the deposited lithium. The 
latter is most likely a necessity regarding the possibility of obtaining planar 
growth during repeated cycling. This is important as the formed pits easily can 
become preferential growth sites during the following deposition step 
[72,75,76]. 
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Figure 20 - SEM-micrographs of the lithium electrode surface after the first deposi-
tion and stripping steps, i.e., the first cycle for both the high [Li+] and  low [Li+] 
electrolytes using a constant deposition current. The employed current profiles are 
shown in the insets. Modified and reprinted from Paper V. 

x 
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Figure 21 - SEM-micrographs of the lithium electrode surface after the first deposi-
tion and stripping steps, i.e., the first cycle for both the high [Li+] and  low [Li+] 
electrolytes using a pulsed deposition current. The employed current profiles are 
shown in the insets. Modified and reprinted from Paper V. 

 
. 



 61

 
Figure 22 – Influence of the nucleation pulse. SEM micrographs of the lithium sur-
face after constant current deposition (1.0 mA/cm2) lithium deposition in the low 
[Li+] electrolyte in a) the absence of nucleation pulse, b) presence of nucleation 
pulse (-6 V, 10 ms) and c) in presence of a nucleation pulse and a following 100 ms 
pause. The insets show schematics of the surface concentrations of Li+ prior to the 
deposition step. XPS spectra d) for C1s and N1s as well as surface concentrations 
after constant current (1.0 mA/cm2) deposition in the high [Li+] and low [Li+] elec-
trolytes. Modified and reprinted from Paper V. 
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As the chronopotentiograms merely show the average response of the cell the 
outcome of the deposition and stripping steps are more straightforwardly seen 
in the micrographs. The chronopotentiograms are, nevertheless, shown in Pa-
per V, Figure 2. In the chronopotentiograms depicting the first cycle with both 
constant current and pulsed current deposition, a sudden increase in the poten-
tial was seen towards the end of the oxidation or stripping step. This indicated 
that all the accessible deposited lithium had been oxidised and that a new ox-
idation process had to take over, in this case pitting, to oxidise the pristine 
areas of the lithium foil [72,76]. In the detailed plot of the end part of the 
pulsed deposition it was also seen that the low [Li+] electrolyte showed a con-
stant potential during the deposition step, which correlated to a steady-state 
deposition. For the high [Li+] electrolyte a sloping voltage profile was, on the 
other hand, seen indicating progressive nucleation meaning that new nuclei 
were formed continuously during the process. This gave rise to a heterogene-
ous nuclei population which resulted in an inhomogeneous lithium growth fa-
cilitating a 3D deposition.  

Influence of the nucleation pulse 
The influence of nucleation pulse was further studied using the low [Li+] elec-
trolyte. For the high [Li+] electrolyte the lithium-ion concentration was too 
high to allow the attainment of an overpotential high enough to get homoge-
neous nucleation during the nucleation pulse. The SEM micrographs of the 
lithium electrode surface after using a 1.0 mA/cm2 constant current are shown 
in Figure 22, without the nucleation pulse, with the nucleation pulse and with 
the nucleation pulse followed by a pause. From the micrographs it is seen that 
in the case of no nucleation pulse there were islands of deposited lithium on 
an otherwise pristine lithium surface. The deposited lithium also had thread-
like structures and different sizes. In the presence of a nucleation pulse, it was 
found that the whole surface was covered with deposited lithium, indicating 
that a large number of nuclei was formed during the nucleation pulse. The 
deposited lithium did, however, still have a somewhat rough structure. If a 100 
ms long pause was applied after the lithiation pulse a smooth deposition was 
instead seen on the entire surface. When the micrograph was compared to that 
for the pristine lithium foil (Paper V SI Section 3) it was also seen that the 
deposition followed the morphology of the foil. This shows that a short nucle-
ation pulse with an amplitude of -6 V gave rise to a high coverage of approx-
imately equally sized lithium nuclei and that a following rest time was needed 
to avoid progressive nucleation during the following deposition. The more 
planar deposition was ascribed to the fact that the [Li+] basically dropped to 
zero at the electrode surface during the nucleation pulse in the low [Li+] elec-
trolyte resulting in an overpotential high enough to give a large number of 
lithium nuclei. If the deposition step is then started directly without a pause, 
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and thereby not allowing the diffusion layer to relax, this nucleation will con-
tinue during the deposition step and give a progressive nucleation favouring 
dendrite growth. The XPS data, in Figure 22, show that the SEI layers obtained 
in the different electrolytes were very similar. This indicates that the differ-
ence in nucleation behaviour seen in the high [Li+] and the low [Li+] electro-
lytes stemmed from the difference in overpotential during the nucleation pulse 
rather than from differences in the surface chemistry. The composition of the 
SEI was also similar to what has been found in previous studies [24,77,78]. In 
the high [Li+] electrolyte, the lithium concentration was high enough to sup-
port the nucleation pulse so that a high enough overpotential needed to give 
enough nuclei could not be reached. The different deposition conditions for 
the conventional high [Li+] electrolyte and the low [Li+] electrolyte together 
with the nucleation pulse and pause are schematically illustrated in Figure 23. 
In the traditional case, migration of lithium will contribute significantly to the 
lithium mass transport and thereby lead to preferential growth on dendrites 
due to the electric field. In the low [Li+] case, where the large number of nuclei 
gave rise to a more planar growth over the entire surface, the lithium mass 
transport was mainly due to diffusion. 
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Figure 23 – Schematic illustration of the different deposition conditions in the high 
[Li+] and low [Li+] electrolytes respectively. c) and d) show a magnification of the 
marked regions. The large number of nuclei in the [Li+] gives a smoother deposi-
tion. Reprinted from Paper V. 
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Figure 24 – SEM images of lithium electrodes after 100 cycles. Both side- and top-
views are seen for high [Li+] and low [Li+] electrolyte, respectively, with a) and c) 
constant current cycling and b) and d) pulsed current deposition and constant cur-
rent stripping. The cell voltage as a function of cycling time is shown for e) constant 
current and f) pulsed current while g) and h) show schematic illustrations of the dif-
ferent deposition conditions. Reprinted from Paper V. 
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Repeated cycling 
Secondary batteries of course require that the electrodes remain functional 
during a large number of cycles. Therefore, the lithium morphology was also 
investigated after 100 cycles for both the high [Li+] electrolyte and the low 
[Li+] electrolyte. A nucleation pulse (-6 V, 10 ms) together with a following 
100 ms long pause were used in both electrolyte systems and both constant 
current and pulsed current deposition was tested, whereas constant current was 
used during the lithium oxidation steps.  The SEM images of all different con-
ditions are shown in Figure 24. The electrode cycled in the high [Li+] electro-
lyte using a constant current, Figure 24a, showed a thick, porous layer of 135 
µm which had partly detached from the lower and denser part (with a thickness 
of 20 µm), corresponding to the remaining part of the original lithium foil. 
These thicknesses, which should be compared to the thickness of 110 µm for 
the pristine lithium foil, clearly show that 3D growth of lithium was obtained 
in the high [Li+] electrolyte. The detachment of parts of the film also showed 
that parts of the deposited metal most likely had lost the electrical contact to 
the original lithium foil, the current collector. These parts could hence most 
likely not be oxidised. The pulsed current gave a slightly better result, Figure 
24b, with a thicker dense layer at the bottom and less detachment, although a 
thick, porous layer could still be seen. With the low [Li+] electrolyte, Figure 
24c and d, a thickness close to that of the pristine lithium foil was, on the other 
hand, seen, as the average thickness was 110 µm for both current schemes. In 
both cases a dense lithium deposit was seen with a morphology featuring small 
hills and valleys, also marked in the micrographs in Figure 24c and d. Some 
small dendritic structures could be seen in the valleys. The pulsed current dep-
osition yielded a larger portion of hills and less dendritic structures. This is 
because the pause in the pulsed deposition allowed the diffusion layer to de-
crease which meant that lithium ions had the time to diffuse into the valleys. 
In this way the deposition in the valleys could be promoted which resulted in 
a smoother film as illustrated in Figure 24g and h. 

The results show that the low [Li+] electrolyte together with an initial nu-
cleation pulse make it possible to achieve a stable and planar lithium growth 
which can be further improved using pulsed current lithium deposition.  
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Conclusions 

Freestanding TiO2 nanotubes with lengths up to 40 µm were synthesised and 
tested as electrodes in half-cell batteries containing lithium metal electrodes. 
The longest nanotubes, with lengths exceeding 34 µm, featured a top layer 
with very thin walls because of extended fluoride etching. The nanotube elec-
trode capacity increased with increasing tube length, although it did not scale 
linearly. The results showed that this kind of structures can be useful as 3D 
structured electrodes allowing the attainment of increased area-based capaci-
ties.  

During the cycling of TiO2 nanotube electrodes at 80 C, a second lithiation 
plateau was clearly visible in the cycling curves at potentials around 1.6 V vs. 
Li+/Li whereas only a small indication of such a feature was seen at room 
temperature. These findings indicate that a second lithiation process can ap-
pear once the lithiation of the TiO2 nanotubes has proceeded sufficiently as a 
complement to the main lithiation process located at about 1.8 V versus Li+/Li.  

High rate cycling of TiO2 nanotubes with a one-hour pause between the 
lithiation and delithiation steps resulted in a capacity loss which was possible 
to recover during a subsequent low-rate cycle step. This indicates the presence 
of a trapping effect in the TiO2 nanotubes caused by diffusion of lithium within 
the electrode material. The hypothesis is that only a thin layer of the electrode 
can be lithiated during a high-rate lithiation and that this creates a concentra-
tion gradient that drives the diffusion of lithium further into the electrode, 
where the degree of lithiation is lower. The lithium thereby becomes unreach-
able if the same cycling rate, i.e., time domain, is used during the delithiation 
step as during the lithiation step. The trapping effect was seen for both nano-
particle and nanotube-based electrodes. It was possible to repeatedly lithiate 
the material, at a rather high cycling rate, if the lithiations were separated by 
an open circuit pause of five hours. This shows that the inserted lithium could 
diffuse further into the material and thereby enable further lithiation of the 
electrode. As the full inserted capacity could be recovered using a final slow 
delithiation step it is clear that the capacity loss was caused by a lithium trap-
ping effect rather than an irreversible loss of capacity. The comparison of na-
noparticle and nanotube-based electrodes also showed that a more well-de-
fined electrochemical behaviour was seen for the nanotubes indicating that the 
nanotube electrodes constituted a more homogenous environment during the 
lithiation and delithiation steps. The nanoparticles could reach higher degrees 
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of lithiation during repeated lithiation than those seen during conventional cy-
cling. This was assumed to originate from the small particle size making a 
certain lithiation depth a large portion of the volume and thereby enabling 
higher overall lithiation degree. Determinations of the lithium concentrations 
in the electrodes using ICP-AES confirmed that a high amount of lithium was 
present in a delithiated electrode cycled for 237 cycles with a pause between 
the lithiation and delithiation steps. The electrochemical measurements to-
gether with the ICP-AES results clearly show that a trapping effect is present 
in TiO2, in analogy with what has been found for alloying materials [64].  

A novel approach to attain two-dimensional growth of lithium metal during 
the cycling of lithium-metal electrodes was also presented. The approach us-
ing a low lithium concentration electrolyte and an initial short nucleation pulse 
was demonstrated to be able to yield two-dimensional lithium growth during 
the cycling. The usage of pulsed deposition current was shown to improve the 
performance further although the low concentration of lithium in the electro-
lyte was shown to be the most important factor. This was due to the possibility 
to produce a large number of nuclei on the lithium surface during the nuclea-
tion pulse. This procedure including a nucleation pulse could be made part of 
a pretreatment step used together with lithium-metal based batteries. It was 
also shown that it is unlikely to achieve two-dimensional lithium growth with 
a conventional electrolyte, i.e., LP40 containing 1.0 M LiPF6, due to a low 
number of formed nuclei. The latter is a result of the fact that sufficiently high 
enough overpotentials are very difficult to reach for such high lithium concen-
trations. 
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Outlook 

The lithium metal study was performed with symmetrical lithium metal cells 
to study the lithium plating and stripping process in a controlled manner. To 
take a step closer to realization in real battery cells, testing in a full cell with 
a cathode material as the counter electrode would give important information 
with respect to future applications. The ability to use cathode materials that 
are synthesised in their delithiated state might also require a tuning of the pro-
cess since the cycle then need to start with a stripping step instead of a plating 
step, unless prelithiation is used.  

The trapping effect seen in TiO2 is likely to be seen in other insertion type 
materials as well, because of the similar mechanisms for lithium insertion and 
deinsertion. Therefore, a study on a larger group of insertion materials would 
be interesting to see how the effect influences different insertion materials. 
The present results indicate that TiO2 nanotube electrodes constitute a good 
model system due to the possibility to make freestanding electrodes and 
thereby avoid the presence of additional materials in the electrode which oth-
erwise may give rise to electrochemical interferences and complicate the anal-
ysis. The behaviour found for TiO2 may hence be used to obtain a better un-
derstanding of the behaviours of other electrode materials especially other in-
tercalation materials. Further studies of freestanding TiO2 nanotubes could 
therefore provide more information on e.g., the influence of the lithium trap-
ping depending on the type of cycling used, as well as how to adjust the cy-
cling to avoid trapping effects.  
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Svensk sammanfattning 

De första litiumjonbatterierna kommersialiserades 1991 av Sony och tekniken 
är idag världsledande för bärbar elektronik såsom mobiltelefoner och laptops.  
Våra ständigt ökande krav på den bärbara elektronikens prestanda och batte-
ritid ställer allt högre krav på batterier som ska kunna lagra mycket energi och 
samtidigt ta liten plats och väga lite. Samtidigt återfinns batterier idag i en rad 
tyngre applikationer som inkluderar elbilar och storskalig energilagring som 
en del av elnätet. 

 
Figur 1 – Schematisk bild av ett litiumjonbatteri. De röda sfärerna visar litiumjo-
nerna som rör sig från anoden till katoden när batteriet laddas ur. 

Ett litiumjonbatteri består av fyra delar, en positiv elektrod (katod) och en ne-
gativ elektrod (anod) vilka skiljs åt av en elektrolyt och en separator. När bat-
teriet laddas ur dras en ström i en extern krets och elektroner flyttas från ano-
den till katoden. Samtidigt sker två olika elektrokemiska reaktioner vid de två 
elektroderna, vid anoden sker en oxidation och vid katoden sker en reduktion. 
För att kompensera för laddningsöverföringen när elektronerna rör sig i den 
yttre kretsen så transporteras joner mellan elektroderna genom elektrolyten 
och separatorn. I Figur 1 visas en schematisk bild över hur ett litiumjonbatteri 
fungerar. 
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De första kommersiella litiumjonbatterierna hade en katod av LiCoO2 och 
en anod av grafit. Medan grafit fortfarande är ett vanligt förekommande anod-
material har LiCoO2 i många fall bytts ut mot nya material, mycket på grund 
av att man vill minska koboltinnehållet i batterierna. Några exempel på katod-
material som används är LiNixMnyCozO2, med en lägre kobolthalt, och 

LiFePO4 och LiMn2O4 som är koboltfria.  Den elektrolyt som används består 
oftast av litiumsalter lösta i en blandning av organiska lösningsmedel samt en 
rad olika additiv som används för att på olika sätt öka batteriets prestanda in-
klusive livslängd. 

När nya anodmaterial ska utvecklas finns det en rad olika aspekter att ta 
hänsyn till och olika prioriteringar görs beroende på i vilken tillämpning bat-
teriet ska användas. I en tillämpning kan till exempel batteriets vikt ha störst 
betydelse medan det i ett annat fall kan det vara volymen eller säkerheten som 
är viktigast. När litiummetall eller grafit används som anodmaterial i batterier 
finns det en risk att dendriter, som är utskott eller trådar av litium går igenom 
separatorn och kortsluter batteriet, vilket kan leda till att batteriet överhettas 
och i värsta fall exploderar. För att undvika detta kan en lösning vara att an-
vända material med en högre arbetspotential, ett exempel på ett sådant 
material är titandioxid som använts i den här avhandlingen.  

 
Figur 2 – Processen från tillverkning av TiO2-nanotuber till testning i batterier. 

Titandioxid kan ta upp och avge litiumjoner genom att dessa rör sig in eller ut 
i hålrummen i titandioxidens struktur som en följd av att titanet reduceras eller 
oxideras. Litiumjonernas uppgift är då att agera motjoner så att elektrod-
materialet förblir elektroneutralt. I det här arbetet har nanotuber av titandioxid 
använts för att skapa en porös elektrodstruktur för att på så vis öka mängden 
material i elektroden samtidigt som diffusionsavstånden för litiumjoner inuti 
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elektroden förblir korta. Nanotuberna har tillverkats genom anodisering, oxi-
dering, av titanmetall och sedan värmebehandlats för att man ska få den öns-
kade kristallstrukturen. Nanotubelektroderna har sedan byggts in i batterier 
och de elektrokemiska egenskaperna har undersökts, se Figur 2.  
De erhållna resultaten visar att man kan göra TiO2-nanotuber som är över 40 
µm långa med den här metoden. Längre nanotuber ger en möjlighet att öka 
kapaciteten per ytarea för batteriet genom att mängden elektrodmaterial ökar 
samtidigt som elektrodens ytarea behålls konstant. Den här möjligheten kan 
till exempel ha betydelse för batterier monterade på mikrochip där den till-
gängliga ytarean är en begränsande faktor. Resultaten visar också att batteri-
erna bestående av TiO2-nanotuber även fungerar bra vid höga temperaturer, 
som 80 C, särskilt om den traditionella elektrolyten då byts ut mot en jonväts-
keelektrolyt. Vidare visar resultaten att elektroderna bestående av TiO2-na-
notuber kan användas som modellsystem för att studera grundläggande 
elektrokemiska fenomen i batterier. 

Redan tidigt i studierna uppmärksammades en kapacitetsförlust för de na-
notubbaserade batterierna, särskilt vid höga cyklingshastigheter. Det senare 
motsvarar användning i applikationer där höga strömmar krävs. För att förstå 
orsakerna till kapacitetsförlusten användes en testprocess i vilken en paus in-
troducerades till exempel mellan stegen där litium sätts in och tas ut ur elek-
troden. Man kunde då se att en del av kapaciteten förlorades under pausen. 
Den här kapaciteten kunde man sedan få tillbaka om man cyklade batteriet 
med en lägre hastighet, dvs. lägre ström. De här resultaten tyder på att litium 
diffunderar längre in i materialet så att man inte kan ta ut det lika fort som det 
stoppades in. När nanotuber och nanopartiklar av TiO2 jämfördes med 
varandra sågs den här effekten även för nanopartiklarna. Samtidigt var det 
tydligt att trots att båda elektroderna bestod av samma aktiva material, TiO2, 
så påverkade också elektrodens morfologi dess egenskaper. Utifrån dessa stu-
dier kunde man också se att för att snabbladdning av batteriet ska vara så ef-
fektiv som möjligt så bör elektroden vara helt tömd på litium innan snabbladd-
ningen startar. För en elektrod som är delvis fylld med litium är snabbladd-
ningen i stället mindre effektiv. 

Litiummetall är det material som när det används som anod skulle ge den 
högsta spänningen i ett litiumbaserat batteri. Idag används inte litiummetall i 
kommersiella batterier på grund av det lätt bildas dendriter när elektroderna 
cyklas. Dendriter kan beskrivas som långa ormar av litium som kan penetrera 
separatorn mellan elektroderna, och därmed kortsluta batteriet, se den vänstra  
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Figur 3 - Schematisk illustration av de olika deponeringsförhållandena i konvent-
ionell elektrolyt med hög litiumkoncentration jämfört med den elektrolyt med låg li-
tiumkoncentration som använts här. 

illustrationen i Figur 3. En kortslutning av batteriet kan i sin tur leda till vär-
meutveckling och batteriet kan sedan börja brinna eller explodera. Litiumme-
tallelektroder används dock ofta i forskningssammanhang i samband med ut-
veckling av andra batterimaterial. Många olika förslag på hur man kan lösa 
problemet med litiumdendriter och i stället få en mer tvådimensionell tillväxt 
vid litiumdeponeringen har därför föreslagits av forskare, i syfte att möjlig-
göra användandet av litiummetallelektroder i framtiden. I det här arbetet pre-
senteras en metod där en elektrolyt med lägre koncentration av litiumjoner, 
jämfört med den i konventionella elektrolyter, används. Samtidigt tillsätts en 
ledelektrolyt, vilket är ett annat salt som används för att leda en del av ström-
men utan att ingå i reaktionen vid litiumdeponeringen. Det här gör att depo-
neringsprocessen blir diffusionskontrollerad och på så vis minimeras migrat-
ionen av litiumjoner i lösningen. Migration styrs av det elektriska fältet vilket 
gör att jonerna dras till exempelvis utskott eller vassa tippar, som dendriter, 
vilket gör att dessa kan fortsätta växa. Med en diffusionskontrollerad process 
fås i stället en jämnare och planare deponering. En schematisk illustration av 
skillnaderna i deponeringsförhållandena finns i Figur 3. En potentialpuls in-
nan batteriet börjar cyklas används också för att säkerställa att hela litiumytan 
täcks av jämnstora litiumkärnor. På det viset säkerställs det att litiumtillväxten 
sker jämnt över hela ytan, vilket ger en jämnare och planare deponering vilket 
i sin tur också minskar risken för dendriter och kortslutning av batteriet. 
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